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ABSTRACT 

Context. Gamma-ray bursts (GRBs) generate an afterglow emission that can be detected from radio to X-rays during days, or even 
weeks after the initial explosion. The peak of this emission crosses the millimeter and submillimeter range during the first hours 
to days, making their study in this range crucial for constraining the models. Observations have been limited until now due to the 
low sensitivity of the observatories in this range. This situation will be greatly improved with the start of scientific operations of the 
Atacama Large Millimeter/submillimeter Array (ALMA). 

Aims. In this work we do a statistical analysis of the complete sample of mm/submm observations of GRB afterglows obtained before 
the beginning of scientific operations at ALMA. 

Mefhods. We present observations of 11 GRB afterglows obtained from the Atacama Pathfinder Experiment (APEX) and the 
SubMillimeter Array (SMA), as well as the first detection of a GRB with ALMA, still in the commissioning phase, and put them 
into context with a catalogue of all the observations that have been published until now in the spectral range that is covered by 
ALMA. 

Results. The catalogue of mm/submm observations collected here is the largest to date and is composed of 102 GRBs, of which 88 
have afterglow observations, whereas the rest are host galaxy searches. With our programmes, we contributed with data of 1 1 GRBs 
and the discovery of 2 submm counterparts. In total, the full sample, including data from the literature, has 22 afterglow detections 
with redshifts ranging from 0.168 to 8.2. GRBs have been detected in mm/submm wavelengths with peak luminosities spanning 2.5 
orders of magnitude, the most luminous reaching lO'^erg s^'Hz"'. We observe a correlation between the X-ray brightness at 0.5 days 
and the mm/submm peak brightness. Finally we give a rough estimate of the distribution of peak flux densities of GRB afterglows, 
based on the current mm/submm sample. 

Conclusions. Observations in the mm/submm bands have been shown to be crucial for our understanding of the physics of GRBs, 
but have until now been limited by the sensitivity of the observatories. With the start of the operations at ALMA, the sensitivity 
has improved by more than an order of magnitude, opening a new era in the study of GRB afterglows and their host galaxies. Our 
estimates predict that, once completed, ALMA will detect up to ~ 98% of the afterglows if observed during the passage of the peak 
synchrotron emission. 

Key words. Gamma-ray burst: general - Submillimeter: general - Submillimeter: galaxies - Catalogs 



* This publication is partially based on data acquired with the 
Atacama Pathfinder Experiment (APEX) under programmes 082.F- 
9850, 084.D-0732, 086.D-0590, 086.F-9303(A) and 087.F-9301(A) 
and with the Submillimeter Array (SMA) under programmes 2009B- 
S015, 2010A-S004 and 2010B-S026. This paper makes use of the fol- 
lowing ALMA commissioning data set: 201 1.0.99001.CSV. 



1. Introduction 

Gamma-ray bursts (GRBs) are the brightest explosions in the 
Universe, releasing isotropic equivalent energies in the range of 
lO^i - lO^^ ergs (of the order of lO''' ergs once corrected for 
collimation) within a few seconds. They v yere serendipitously 
discovered in 1967 (iKlebesadel et al.l[l973l) in gamma-rays, but 



1 



A. de Ugarte Postigo et al.: Pre- ALMA observations of GRBs in the mm/submm range 



it was not until 1997 that the first counterparts were detected 
at other wavelengths ( van Paradiis et al.l ll997t iFrail et aT]ll997t 
[Costa et al. 1997; Bremer et al. 1998). Thanks to the observation 
of the fading X-ray emission, which follows the more energetic 
gamma-ray photons, and the rapid distribution of the X-ray coor- 
dinates (much more precise than the gamma-ray ones), it is pos- 
sible to carry out multiwavelength observations of the counter- 
parts associated with GRBs within seconds of their occurrence. 
The late time emission, detectable at all wavelengths and observ- 
able for days after the burst onset (and some times significantly 
longer), is what we call GRB afterglow. 

It is widely accepted that long GRBs (those with durations 
above ~2 s) are related t o the collapse of ma ssive stars (IWooslevI 
Il993t lPaczviiskillT998l iHiorth et all l2003h while short GRBs 
(shorter than ~2 s) are probably originated by the coalescence 
of two compact objects, su ch as two neutroji^ stars or a neu- 
tron star and a black ho le (Paczvnski 1990; Naravan et al. 1992; 
iLevan et al.ir2006l; IChattopadhvav et al...2007; King et al...2007.) . 
In both scenarios, the result is the ejection of material at ultrarel- 
ativistic speeds, most probably through jets. This is what we call 
the re lativistic fireball model (Rees & Meszaros 1992; Sari et al. 
119981) . In this framework, a compact source releases ~ 10 ergs 
of energy within dozens of seconds in a region smaller than 10 
km. When the ejecta run into the surrounding medium, a for- 
ward shock sweeps the surroundings of the progenitor, produc- 
ing an afterglow as the ejecta interact with the interstellar matter 
A reverse shock, colliding with the eje cta, can also produce an 
additional emission during early times dPiranll 19991) . 

Until now, millimeter and especially submiUimeter observa- 
tions of GRBs have been scarce due to the small number of avail- 
able observatories and limited sensitivity, as compared to other 
wavelength ranges. A s examples of large samples of afterglow 
data se e, for example. lE vans et"aL in X-ravs. Kann et all 

(1201 oh in optical, and more recentlyjchandra & Frail (201 1) in 
radio. The mm/submm range suffers strongly from atmospheric 
absorption, mostly due to water vapour This means that ob- 
servatories have to be placed in high and dry mountain sites. 
Nevertheless, the study of GRBs in these wavelengths is of great 
interest, as the peak (in flux density) of the synchrotron afterglow 
emission, and even the one due to the reverse shock (see Sect. 13. II 
for a description of the emission mechanisms), is expected to be 
located in this wavelength range during the first days. It has also 
the benefit of being a wavelength range that is not affected by 
interstellar extinction, as are the optical or soft X-rays, allowing 
us to detect highly-extinguished and high-redshift bursts. This 
range is also normally above the self-absorption frequency of the 
spectrum, below which the flux is strongly suppressed. Finally, 
as compared to centimeter and decimeter wavelengths, this range 
is not affected by interstellar scintillation, allowing more accu- 
rate modelling with fewer observations. 

Pioneering submm observations of GRB afterglows, made 
with JCMT/SCUBA (e.g. Smith et al. 1999, 2001) in the submm 
and with various facilities in the mm (e.g. IBremeret all 1 1991 
iGalama et al.li2000) . showed that emission in these wavelengths 
could be detected in some cases, and provided the first tests 
of th e fireball model using full radio to X-ray SEDs (e.g. 
IWiie rs & Galama 1999). However, detections were generally of 
low significance, and progress in the Swift era was restricted un- 
til recently by the dearth of submm bolometer array instruments 
(following the retirement of SCUBA on JCMT, and until the ad- 
vent of LABOCA on APEX). 

On the 30* September 201 1 ALMA came into operation, to 
revolutionise mm/submm astronomy. ALMA is at an altitude of 
5000 m in the Llano de Chajnantor, in northern Chile, one of the 



best sites for this kind of observations in the world. In its early 
science phase it has 16 antennas of 12 m, and in full operations 
(expected for 2013) it will increase to a total of 50 antennas of 12 
m in diameter plus a compact array (the Atacama Compact Array 
- AC A) of 12 7 m antennas and four 12 m antennas. This will be 
the largest facility for mm/submm astronomy and will improve 
sensitivity and spatial resolution in over an order of magnitude 
with respect to previous observatories. 

In this paper we collect all the data, to our best knowledge, 
that have been published for GRBs in the mm/submm range, 
to which we add observations from our observing programmes 
from APEX and the SMA. The observations are completed with 
the first ALMA observation of a GRB, during the commission- 
ing phase of the observatory, as a test of the target of opportunity 
procedures. Using this sample, we give a review of the past ex- 
perience and put it into context of the forthcoming ALMA era. 
We give some examples of single-epoch spectral energy distribu- 
tions but do not attempt full broadband modelling for individual 
bursts as it is beyond the scope of this paper 

Section 2 describes the data of 11 bursts collected with 
our observing programmes. Section 3 presents the catalogue of 
mm/submm GRB data. In Section 4 we describe the capabilities 
of ALMA compared with previous observatories and discuss its 
future role in the field. Finally, Section 5 lists our conclusions. 
Throughout the paper we assume a cosmology with Q,„ = 0.30, 
Qa = 0.70, and = 70. 
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Fig.l. Observation of GRB 0903 13 with APEX (contours are 
1, 2, 3 and Act detection levels) in March 2009 plotted over an 
optical X-shooter acquisition image showing the position of the 
afterglow. The field of view is 90" x 70". Only a field galaxy, 
unassociated with the GRB is detected, and we impose a 3- 
sigma upper limit of 9 mJy for the afterglow (ad apted from 
Ide Ugarte Postigo et alJl2010cl;lMelandri et alj|2010l) . 



2. Observations 

On March 2009 we performed the first observation of a GRB 
(GRB 090313) usi ng the 12 m, single-dish, APEX telescope (in 
Chajnantor, Chile; iGiisten et al. 2006) at 345 GHz, as a feasibil- 
ity test, during a technical night through a Director Discretionary 
Time programme. Since then, we have had several observ- 
ing programmes at APEX, with which we have followed-up 6 
GRBs (plus an additional Galactic X-ray binary, initially iden- 
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Fig. 2. Observations of GR B 10041 8 A obtained with SMA during the first 5 days after the GRB (adapted from 
Ide Ugarte Postigo et all2012h . 



tified as a GRB). All these observations were performe d using 
the L arge Apex BOlometer CAmera (LABOCA; Sirin go et alj 
I2009h . a multi-channel bolometer array with 295 elements de- 
signed for continuum observations, with a field of view (FOV) of 
1 1.'4 X 1 lf4 and an angular resolution of 19.5 + 1". Observations 
until the end of 2009 were performed using a spiral raster map- 
ping, whereas later observations used the photometric mode. The 
mapping mode results in a fully sampled and homogeneously 
covered map which is less sensitive than the photometric mode 
(which lacks the spatial resolution) that was made available in 
2010. We chose to use the photometric mode when it became 
available, as we are more interested in the sensitivity than in the 
spatial coverage, as our sources are unresolved. Data reduction 
of LABOCA/ APEX observations was done using BoAB as well 
as CRUSH and miniCRUSH (Kovacs 2008) software packages. 

Since November 2009 we have an observing project for GRB 
afterglows from the northern hemisphere at the 8-antenna SMA 
interferometer (Hawaii, U.S.A.) with which we have followed- 
up 4 other bursts. Observatio ns from SMA were reduced using 
the MIR-lDlBand MIRIAD (jSault e t al. 1995) packages. 

In the following, we provide details on each of our GRB ob- 
servations. The data are listed, together with the complete cata- 
logue in Table [1] 

GRB 090313: This burst was a 78 s long event with a bright 
aftergl ow at a redshift of z = 3.3736 (Ide Ugarte Postigo et al.l 
l2010d). After the discovery of a bright mm counterpart 
(iBock et al.l l2009a'). we obtained continuum observations at 345 
GHz using LABOCA/APEX bolometer array during technical 
time. Data were acquired on 2009 March 17 and 24 under good 
weather conditions (zenith opacity values ranged from 0.24 to 
0.33 at 345 GHz). Observations were performed using a spiral 
raster mapping, providing a fully sampled and homogeneously 
covered map in an area of diameter 12', centered at the coor- 
dinates of the optical afterglow of GRB 090313. The total on- 
source integration time of the two combined epochs was 4.6 hr 
Calibration was performed using observations of Saturn as well 
as IRAS 09452+1330, HD 82385, GlO.6-0.4, and IRAS 17574- 
2403 as secondary calibrators. The absolute flux calibration un- 
certainty is estimated to be 11%. The telescope pointing was 
checked every hour, finding a root mean square (rm.s.) point- 
ing accuracy of r.'8. The individual maps were co-added and 
smoothed to a final angular resolution of 27'.'6. We obtained a 
3cr upper limit of 14 mJy for each of the two epochs and a limit 
of 9 mJy in the coadded maps (see Fig.lTJ. These data were pre- 
sented, together with an analysis of the evolution of the afterglow 
emission by Melandri et al. (2010). 

' http ://w w w. mpif r-bonn . mpg . de/di v/ submmtech/soft ware/boa/ 
boa_main.html 
^ https://www.cfa.harvard.edu/~cqi/mircook.html 



GRB 091102: This was the first burst that we observed dur- 
ing our regular programme time. It was a 6.6 s long burst, 
for which no credible optical counterpart was identified and no 
redshift was obtained. LABOCA/APEX observations were per- 
formed on 2009 November 3 under average weather conditions 
(zenith opacity values ranged from 0.4 to 0.5 at 345 GHz). The 
total on-source integration time was ~2 hr. Calibration was per- 
formed using observations of Uranus and Neptune. The abso- 
lute flux calibration uncertainty is estimated to be ~ 8%. The 
telescope pointing was checked every hour towards the source 
PMNJ0450-8100. We obtained a 3cr point source sensitivity of 
20 mJy. 

GRB 091127: This was a nearby burst (z = 0.49044; 
IVergani et al.ll201 ll) with a duration of 7.1 s and a bright opti- 
cal counterpart that we foUowed with LABOCA/APEX on 2009 
Nov 28 and 29 at 345 GHz. Weather conditions were average, 
with zenith opacity values ranging from 0.4 to 0.63 at 345 GHz. 
Observations were performed using a spiral raster mapping. The 
total on-source integration time of the two combined epochs was 
6.4 hr (2.9 and 3.5 hr in the first and second epoch, respectively). 
Pointing was checked regularly on J0050-095 and J0145-276. 
Calibration was performed using observations of Uranus and the 
secondary calibrator NGC 2071 IR. The absolute flux calibration 
unceitainty is estimated to be about 15%. We obtained 3cr upper 
limits of 14.9 mJy and 13.2 mJy for each of the two epochs, re- 
spectively, and 9.6 mJy for the combined epochs. An analysis of 
the afterglow emission of this burst, including the APEX data, is 
presented by V ergani et al. (201 1,) . 

GRB100418A: On April, 18fli 2010, flie Swift Burst Alert 
Telescope (BAT) triggered and located GRB 1004 18 A. It was 
an intermediate durat ion burst (7.0 s) at a redshift of z = 0.62 
(lAntonelli et al.ll20Tol) . It had a peculiar optical light curve peak- 
ing several hours after the event. We performed observations of 
the afterglow using 7 out of the 8 SMA antennas, starting ~ 16 
hr after the burst. Weather conditions were good, with zenith 
opacities at 225 GHz of t ~ 0.06 (precipitable water vapour, 
PWV ~1 mm). Titan and Neptune were used as flux calibra- 
tors and 3C454.3 as bandpass calibrator Atmospheric gain was 
coiTected from observations of the nearby quasar J 1751 4-096 
every 15 min. Using these data we discovered a bright coun- 
terpart (.Martin et al.ll2010l) at a flux of 13.40+1.60 mJy (see 
Fig. |2]l. At the time of the discovery, this was the second 
brightest mm/submm counterpart detected (after GRB 030329, 
which peaked at -70 mJy; Sheth et al. 2003; Resmi et al. 2005|. 
Observations continued over the following 4 nights, tracking the 
evolu tion of the afterglow until it be came undetectable on April 
23rd (Ide Ugarte Postigo et al.ir2012h . 

GRB 100814A: This was a very lon g burst (150 s) with a 
bright counterpart at a redshift of z = 1 .44 (lO'Meara et al.l2010l) . 
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Continuum observations at 345 GHz were carried out using 
LABOCA/APEX. Data were acquired on August 15 2010, start- 
ing 26 hr after the burst, under good weather conditions (zenith 
opacity value was 0.28 at 345 GHz). Observations were per- 
formed using the photometry mode. The total on-source integra- 
tion time was 1.5 hr. Pointing was checked regularly on J0145- 
276. Calibration was performed using observations of Uranus 
and the secondary calibrator V883-OR1. The absolute flux cal- 
ibration uncertainty is estimated to be about 15%. The formal 
flux measured at the position of the afterglow was -0.33+1.6 
mJy/beam, i.e. a 3cr hmit of 4.8 mJy. A radio counterpart was 
detected bv Chan dra et al.l ([2010') several days later from EVLA. 

GR B100901A: This was a bright event, at a redshift of 
z=1.41 dChornock et aUlIoTol) . Observations were carried out 
with SMA on the 3rd of September 2010. All eight anten- 
nas, aiTanged in the extended array configuration, were tuned 
to 345.8 GHz. Weather was excellent with a zenith opacity 
at 225 GHz of r ~ 0.06 (precipitable water vapour, PWV ~ 
1 mm). Uranus and Callisto were observed as flux calibrators 
and 3C454.3 as bandpass. Atmospheric gain calibration was de- 
rived from the observations of the nearby quasars J0237-I-288 
and J03 19-1-415 every 15 min. The GRB was observed for ~ 10 
hr, and the observations resulted in a non detection, being the 
GRB flux constrained down to an r.m.s. noise of ~ 0.75 mJy, 
which gives the deepest limit in our sample. A radio counterpart 
was later detected by WSRT (van der Horst et al. 2010c b) and 
EVLA (Chandra & Frail 2010). 

GRB 100925A/MAXI J1659-152: On 2010 September 25 
we responded to a GRB alert using APEX. Observations were 
performed 15.5 hr after the burst onset and a bright submil- 
limet er afterglow was detected, with a flux density of 12.6+2.4 
mJy dde Uearte Postigo et al.ll2010dh . Later spectroscopic obser- 
vations performed with the X-shooter spectrograph at the Very 
Large Telescope, showed that the source was not due to an extra- 
galactic GRB but to an unusually energetic burst from an X-ray 
binary (.de Ugarte Postigo et al. 2010b) . Thanks to the detection 
from APEX, an extensive radio o bservation campaign was trig- 
gered ("van de r Horst et aD2010a[ including further observations 
from APEX). 

GRB110422A: Observations of this burst at z = 1.770 
dMalesani et al...2dTll : Ide Ugarte Postigo et alj|201 lal) were car- 
ried out with the SMA on May 6th, 201 1 in search for an emis- 
sion tentatively detected by the Herschel Space Observatory 
(Huang et al. 2011a). The seven available antennas were tuned 
to 233.7 GHz. Weather was bad but stable enough with zenith 
opacity at 225 GHz was r ~ 0.35 (PWV > 5 mm). J0721+713 
was used as flux calibrator and 3C273 as bandpass. Atmospheric 
gain calibration was derived from J0721+713 quasar observa- 
tions every 15 min. The GRB was observed for 4 hr, reaching an 
r.m.s. noise of ~ 2.8 mJy but obtained no detection. 

GRB110 503A: Observati ons of this z = 1.613 
(lde"Ugarte Po stigo et al.ll201 Ibl) burst were carried out with the 
SMA on May 4th, 201 1. The five available antennas were tuned 
to 225.0 GHz. Weather was mediocre but stable with zenith 
opacity at 225 GHz was t ~ 0.25 (PWV > 4 mm). J0927+390 
was used as flux calibrator and 3C273 as bandpass. Atmospheric 
gain calibration was derived from J0927+390 and J0920+446 
quasar observations every 15 min. The GRB was observed for 7 
hr reaching an r.m.s. noise of ~ 1.7 mJy. 

GRB 110709B: This was a very peculiar burst, that showed 
two gamma-ray triggers over a period of almost 15 minutes 
(Barthelmv et al. 201 1). Early optical obsei;ya tions showed that 
it was a very dark event dFong & Bergeil201 ll) . with no credible 
afterglow detected or redshift measured. We performed submm 



observations with APEX to try to localise the counterpart and 
to constrain the synchrotron spectrum. Observations began on 
July 11, 2.00 days after the burst, with an on-source time of 
106 min and precipitable water vapour of 0.8 mm. We did not 
detect any significant emission, obtaining a formal flux on the 
source position of 1.4±2.3 mJy (3-sigma limit of 6.9 mJy). A 
detection of a radio counterpart at 5.8 GHz was later reported by 
Zauderer & Berger (201 1). 

GRB 110715A: This burst had a very bright optical coun- 
terpart in spite of being located very close to the plane of the 
Milky Way from which it suffered from signifi cant dust extinc- 
tion. Its redshift was measured to be z = 0.82 ( P iranomonte et all 
,201 1) . APEX observations began on July 16, 1.42 days after 
the burst and were performed using the photometric mode. The 
weather conditions were very good, with a precipitable water va- 
por of 0.62 mm. Using these observations we d iscovered a bright 
submm counterpart at 10.4+2.4 mJy dde Ugarte Postigo et al.l 
1201 leh . 

As a test of the target of opportunity procedure, 
GRB 110715A was subsequently observed at Atacama Large 
Millimeter AiTay (ALMA). The ALMA Science Team report 
a preliminary detection from a test observation of this source 
of 4.9±0.6 mJy at 345 GHz after 25 mins on source with 7 
antennas. The centroid of the ALMA position is 15:50:44.05 - 
46:14:06.54 with an uncertainty of 0'.'3 x O'.'l at a position an- 
gle of 76 degrees. Observations began on July 19 at 02:50 UT 
(3.57 days after the burst). The weather conditions were very 
good, with a precipitable water vapor of 0.5 mm. In spite of be- 
ing obtained during a test observation, with an order of mag- 
nitude fewer antennas than will be available with the full ob- 
servatory and for only 25 minutes, this is the deepest observa- 
tion in the complete sample at 345 GHz and provides the most 
accurate coordinates available for this burst. A complete analy- 
sis of the afterglow emission of this burst, will be presented by 
iSanchez-Ramirez et al.l d2012l) . 

GRB 110918A : This burst, at a redshift of z = 0.98 
dLevan et alj|201 Ih was one of the brightest GRBs ever detected 
in gamma-rays, and the brightest ever observed by Konus/W7A® 
(Golenetskii et al. 201 1). The large error box generated just with 
Konus/WZ/VD data did not allow us to observe until 2 days after, 
when the coo rdinates wer e refined thanks to the detectio n of X- 
ray (Mangano et al]|201 lb and optical counterparts ( Tanv ir et al.l 
'201 1). Continuum observations at 345 GHz were caiTied out 
using LABOCA/APEX. Data were acquired on 2011-09-21 be- 
tween 03:02 and 05:46 under excellent conditions (zenith opac- 
ity value was 0.2 at 345 GHz). Observations were performed 
using the photometry mode. The total on source integration time 
was 2.41 hours. Pointing was checked regularly on J0145-276. 
Calibration was performed using observations of Uranus and 
Neptune and and the secondary calibrator V883-ORI. The ab- 
solute flux calibration uncertainty is estimated to be about 15%. 
Because of technical issues, the data did not reach the theoret- 
ical noise level, being no flux measured at the position of the 
afterglow and the upper 3-cr limit was 15 mJy. 



3. The pre-ALMA millimeter/submillimeter sample 
of GRBs 

In order to put our observations into context, we have collected, 
in TablelU the most complete sample of continuum observations 
that have been published to date of GRB afterglows and their 
host galaxies in the ALMA wavelength range, covering from 
early 1997 until the 30''' of September 2011 (starting day of 
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Fig. 3. Light curves of GRB afterglows in the different bands 
(see Table |2] for a definition of the bands). Coloured dots in- 
dicate detections, while gray triangles are 3cr detection limits. 
Observations of an individual burst are connected by a thick 
coloured line in case of detections and a thin dotted line in case 
of detection limits. GRBs with only one observation are shown 
as individual symbols with no connecting lines. Detections of 
GRB 010222 in bands 6 and 7 are due to the host galaxy and not 
the afterglow. The detection of XT 080109 in band 6 is due to 
the host galaxy. 



the early science operations with ALMA). The data are ordered 
chronologically by GRB, considering as detections only those 
with higher significance than 3cr, and otherwise providing de- 
tection limits. The observations are separated into ALMA bands 
3 (84 - 11 6 GHz), 4 ( 1 25 - 1 63 GHz), 6 (2 11 - 275 GHz), 7 (275 
- 373 GHz) and 9 (602 - 720 GHz). See Table|2]for a definition 
of all the ALMA bandfl which we will use throughout the pa- 
per for simplicity. The complete sample includes observations 
of 102 bursts. There have been 88 searches for GRB afterglows, 
of which 22 have reports of detections. Separating into individ- 
ual bands, we have 18 detections in band 3, one in band 4, six 
in band 6, five in band 7 and none in band 9. Table [3] displays 
a list of the detection ratios for each of the observing bands. 
As for the host galaxies, there have been specific host galaxy 
searches for 36 cases, although limits can be provided for the 
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Fig. 4. Histograms of peak fluxes and 3cr upper limits in each 
of the three main bands in our sample. Detection limits for 
early and full ALMA (3cr, derived from the r.m.s. calculated 
in Table |5]l are indicated with vertical dotted and dashed lines, 
respectively. The dashed-dotted line indicates the median detec- 
tion limit of the early observations (see Table|4]l. 



102 bursts that have been followed. Host galaxy detections have 
only been achieved in four cases: GRB 000210, GRB 000418, 
GRB 010222 and XT 080109, this last one cannot be considered 
a normal GRB as the burst was in X-rays and not in gamma 
(Soderberg et al. 2008). There have been further claims of host 
detections but we consider only those with signal to noise ratio 
greater than 3. 

Figure|3]shows a compilation of the mm/submm GRB after- 
glow light curves for ALMA bands 3, 6 and 7. Figure |4] shows 
histograms of the peak detections and detection limits. The peak 
detections are, strictly speaking, only lower limits to the peak 
flux density in each band, as only a few light curves cover the 
maximum of the light curve. The detection limits are the single- 
epoch deepest 3cr limits for each burst, independently of the time 
of the observation, so they can only be indicative of the capabil- 
ities of pre-ALMA observatories. 

The afterglow peak flux for each observing band in the 
mm/submm range is expected to be very similar, with only the 
time at which the peak is reached b eing different. According to 
the fireball model (ISari et alJI 19981 see aslo Sect. [TTT ). the peak 
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Table 2. Definition of the ALMA bands. The four marked in 
bold will be the main observing bands and the only ones offered 
for early science. 



Band 


Frequency range 


Wavelength range 




(GHz) 


(mm) 


Band 1 


31-45 


6.66 - 9.67 


Band 2 


67-90 


3.33-4.47 


Band 3 


84 - 116 


2.58 - 3.56 


Band 4 


125 -163 


1.84-2.40 


Band 5 


162-211 


1.42-1.85 


Band 6 


211 - 275 


1.09 - 1.42 


Band? 


275 - 373 


0.80 - 1.09 


Band 8 


385 - 500 


0.60-0.78 


Band 9 


602 - 720 


0.42 - 0.50 


Band 10 


787 - 950 


0.32-0.38 



Table 3. Detection ratios in the catalogue for each of the observ- 
ing bands, considering only 3cr or higher significance detections. 
For host galaxies we consider only dedicated searches and not 
the Umits derived from afterglow searches. 





Afterglows 


Host galaxies 


Band 3 


18/61 (30%) 


/ 3 (0%) 


Band 4 


1 / 2 (50%) 




Band 6 


6/38(16%) 


2 / 8 (25%) 


Band 7 


5/31 (16%) 


3/27(11%) 


Band 9 


/ 6 (0%) 


0/15 (0%) 


Total 


22 / 88 (25%) 


4/36(11%) 



is expected to cross from higher to lower energies, so that the 
higher frequency bands are expected to peak first. Hence, the ra- 
tio of afterglow detections is mostly determined by the different 
observing sensitivities of each of the telescopes in each band, 
given a reasonably prompt reaction time. Table |4] displays the 
median time between the burst onset and the first observation 
for the bursts in the sample, together with the median 3cr limit- 
ing flux of the earliest observations. We do not include Band 4, 
as it has only 2 observations and the statistics are not significant. 

Table 4. Median time between the burst and the first observation 
in each band and median limiting flux of those first observations 
(3(r). 





Time 


Limiting flux 




(day) 


(mJy) 


Band 3 


2.59 


0.87 


Band 6 


2.67 


3.87 


Band 7 


2.06 


7.50 


Band 9 


4.47 


60.0 



3.1. The physics of GRBs and their environments 

GRB afterglow s can be describe d, in the simplest case, using the 
fireball model dSari et al.lll998h . According to this model, ma- 
terial is ejected at ultrarelativistic velocities through coUimated 
jets (with opening angle Oj). When this material interacts with 
the medium surrounding the progenitor, the accelerated particles 
emit a synchrotron spectrum that is characterised by three break 
frequencies: v,„ is the characteristic synchrotron frequency and is 
the maximum of the emission; is the cooling frequency, above 



which radiative cooling is significant; is the synchrotron self- 
absorption frequency. 

The location of the spectral breaks at a given time, and the 
spectral slopes, shown in Fig.|5] are determined by the follow- 
ing five parameters: E - isotropic equivalent kinetic energy of 
the shock; n - particle number density in the surroundings of 
the GRB, which can be considered constant or following a stel- 
lar wind profile; eg - fraction of the shock energy that goes into 
magnetic energy density; - fraction of the shock energy that 
goes to electron acceleration; p - slope of the relativistic elec- 
tron energy distribution in the shock. Detailed multi-wavelength 
modelling of the spectral energy distribution allows us to derive 
these micro- and macro-physical parameters of the emission. 




10'° 10'^ 10" 10^'^ 10" 

Frequency (Hz) 

Fig. 5. The synchrotron afterglow spectrum expected from a 
simple fireball model in the slow-cooling regime, assuming a 
constant density environment and spherical expansion. The fig- 
ure shows the characteristic frequencies, their evolution and the 
spectral slopes of the spectrum (adapted from lSari et al.l[T998.) . 



100.00 




Time since burat (days) 

Fig. 6. Light curves of what could be a typical GRB afterglow 
using the standard fireball model, plotted for the different ALMA 
bands and at different redshifts. 

Figure |6] shows an example of what we would expect the 
light curves of a typical GRB to look like in the different ALMA 
bands and at different redshifts using the standard fireball model. 
It assurnes an homogeneous jet, adiabatic dynamics (based on 
iRhoadsl [l999l) . constant density environment, and integration 
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over equal arrival time surfaces. The physical parameters of the 
fireball are the following: £ - 10^^ erg s ', n=0. 1cm 6^=0.01, 
e(,=0.088, p-2.\ and 6j-5 deg. The light curves are charac- 
terised by a shallow rise during the first hours to days after the 
burst followed by a decay, as seen in most of the light curves 
of Fig. [3] when there are enough data points. The figure also 
shows how the peak is reached later at lower frequencies for a 
given redshift, while it is delayed for high redshift events due to 
cosmological time dilation. 

A reverse shock, produced inside th e ejec ta, can pro- 
duce additional emission at early times dPiranl [l999). This 
emis sion has been rarely observed in the optical wavelengths 
(e.g.lAkerlof etal.l 'l999; Bl ake et aL..2005: Jelmek et al., .20061 



iRacusin et alJ 200 8: Zhen g et al. 2011 ) but is expected to 
have a significant contribution in the early mm/submm emis- 
sion dlnoue et alj 2007). For example, the mm detection of 
GRB 090423, at a redshift of 8.2, s eems to show excess emis- 
sion possibly due to a reverse shock dCastro-Tirado et a D2009bt 
IChandra et al1l20Toh . 

This model is, however, known to be too simplistic to 
explain the complex evolution that we can see in the densely 
sampled X-ray and optical light curves of Swift GRBs. 
Several modifications have been suggested to explain some 
of the observed fluctuations, flares, bumps and wiggles. 
Such modifications may include different density profiles 
and fluctuations (Wang&Loeb 2000; Ramirez-Ruiz et al] 
[2001; Dai & Lu 2002; Nakar & Piran 2003), ener gy injections 
tRees & Meszaros .1998; .Sari & Meszaros 200§, ^Gra not et all 
120031: iBiornsson et al.l l2004t"Tj ohannesson et al. 2006 }), jets 
with c omplex stru cture (Mesza ros et al.lll998t iKum ar & Piran' 
2000[ iRossi e t al. 2002), late engine activity (Dai &Lu. 
1998t IZhang & Meszaros I2()02l: [R amirez-Ruiz 2004]), mi- 
crolensing (Loeb & Pernal 11998^ iGarnavi ch et al. '20(X, 
loka & Nakamura 20 0lb or dust echoes dEs in & Blandfop 
'2000t iMeszar os & Gr uzinovll200"ol: lReichartll2001l) . Discerning 



the different scenarios is only possible through the analysis of 
the SEDs obtained with multi-wavelength observations (See 
Sect. 4) and, in some cases, with the aid of polarimetry. 

3.2. Redshift distribution and luminosities 

In spite of the strong limitation imposed by the detection lim- 
its of current observatories, the sample includes detections of 
GRBs at mo s t reds hifts, ranging from z=0.168 (GRB 030329 
Greineretal.ll2003h all flie way up to z=8.2 (GRB 090423 
Tanvir et al."2009^. 'Salvaterra et al."2009^. XT 080109 at a red- 
shift of 0.0065 (Malesani et al. 2008) had no gamma-ray emis- 
sion, so we will exclude it from the analysis. This shows that 
GRBs can be great tools to study the evolution of the star for- 
mation across the complete history of the Universe also in this 
frequency range. Figure|7]shows the distribution of the redshifts 
of GRBs detected in the mm/submm range as compar ed to the 
distribution obtained from optical observations (Jak obsson et al.l 
l2012i) . The mm/submm sample has a larger percentage of low 
redshift detections but, on the other hand, the average redshift 
was compensated by deep searches of the high redshift events. 
We note that the optical sample has its own biases, for exam- 
ple the limited capability to detect dark bursts (see Sect. 4. 1 for 
a definition of dark burst). A Kolmogorov-Smirnov test gives a 
probability of 11% for both mm/submm detected bursts and the 
Swift sample of GRBs with redshift of coming from the same 
population. We obtain a median (mean) redshift for our sample 
of detections of 1.48 ( 1.99), as compared to 1.92 (2.19) of the 
sample of Swift bursts dJakobsson et alJl2012h . 
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Fig. 7. The cumulative fraction of GRBs as a function of red- 
shift for the optical sample of Swift GRBs (dotted curve; 
iJakobsson et al.ll2012h and mm/submm-detected bursts (solid 
curve). 
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Fig. 8. Peak flux density measured in mm/submm (as in Fig|4ll 
vs. redshift. Filled dots indicate detections whereas empty tri- 
angles are detection limits. The dotted lines indicate the flux 
density levels for equal luminosity objects at varying redshifts. 
Some interesting bursts are indicated in the figure. 



In Fig. [8] we show the peak flux density measured in the 
mm/submm range as a function of the redshift. The dotted lines 
indicate the expected flux at different redshifts for objects of 
equal peak luminosities. The fi gure sho ws that the brightest burst 
ever detected, GRB03 ( )329 dHiorth etal. 2003; Staneketal] 
l2003HLipkin et al.l2004l:IShefli et al.l2 003: Resmi et al. 2005), is 
mainly so due to its low redshift. GRB 090423, the furth ermost 
detec t ed in mm /submm, at a redshift of z = 8.2 (Salvaterr a et al.l 
'2009; Ta nvir et al.ll2009D . was not extremely luminous, and was 
only detected thanks to very deep observations (it is, in fact , 
the deepest detection in the sample; ICastro-Tirado et al I I20T2I) . 
GRB 0803 19B, also known as the "naked-eye burst" due to 
its ext reme optica l brightness (Racusin et al. 2008; Bloor netall 
20091: iPandev et al. 2009) is found in the faint end of the distri- 
bution, indicating that most of the emission was concentrated in 
the optical bands. 

On the upper part of the diagram, we identify a family 
of very luminous events, peaking at ~ lO^^'erg s^^Hz^J^ 
composed by GRB 980329 (Smith etal. 1999; Jaunsen et ill 
|2003i), GRB 050904 tTagliaferri et al., ,2005; ,Haishp et a" 
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I2006h. GRB 080129 dGreiner et alJ 120091) and GRB090313 
(iMelandri et alJ l2010l) . all beyond redshift 3. If those bursts 
were to be found at redshift of ~ 1 they would reach peak fluxes 
of 40 mJy and easily over 100 mJy at redshifts of ~ 0.5. 

On the fainter side, GRB 060218 (z = 0.03) is be the burst 
for which we would have the most constraining peak luminos- 
ity limits. However, this burst is known to be peculiar, being its 
optical emissi on dominated by a supernova co mponent and not 
the afterglow (ICampana et a l. 2006; Soderber g et al.ll2006t see 
also lThone et al.ll201 ih . GRB 050509B an extremely faint short 
burst, most probably ho sted by a gia nt elliptical galaxy at z - 
0.22 (iHiordi et al.l2005 ^,'Gehrels et al. 20051 |CasttoJirado et al.' 
I2005h is the following dimmest limit. The least luminous burst 
with detection in the mm/submm range is GRB 0412 19A, which 
curiously was one of the longest and brightest GRBs detected, 
for which a reds hift of z - 0.31 has been recently suggested 
(iGotz et al.ll20Tl . 

In flie figure we also identify GRB 10041 8 A and 
GRB 11 07 15 A, whose counterparts were discovered with 
our programmes. They are the 3rd and 4th brightest bursts ever 
detected in the mm/submm bands. 

Using all the detections, we obtain an average peak spectral 
luminosity of 10*^^ '^°^^erg s^'Hz"^ This is roughly an order 
of m agnitude brighter than the value found by IChandra & Fraill 
(1201 li) in cm wavelengths, as expected by afterglow models. 
However, we note that these values must be used with care, as 
both samples strongly biased due to a low detection rate (25% in 
our case and 30% in the case of the cm range study). 



-i 1 




Corrected restframe time since burst (days) 

Fig. 9. Afterglow light curves transformed to the rest frame of 
the central engine. The data points of the different bands have 
been shifted using an offset based on the fireball model, as ex- 
plained in the text. 

Finally, we collect the light curves of GRBs with at least 2 
detections and a well determined redshift, and transform them to 
the rest frame of the central engine to compare them directly. In 
Fig.|9]we plot the light curves (only detections) in luminosity and 
corrected of cosmological time dilation. To be able to use all the 
bands together, we introduce a temporal offset assuming that the 
light curves are described by a fireball model in which the peak 
frequency is evolving with r^^^ (see Sect. 13. 11 1. This is a sim- 
plistic approach but enough for a qualitative view. The intrinsic 
light curves appear much more clustered than the observed ones 
in Fig. [3] where the dispersion in fluxes was mostly due to red- 
shift: The brightest light curve was from GRB 030329, the near- 
est burst and the faintest from GRB 090423, the furthest one. 



whereas in Fig. |9] they are both normal luminosity bursts. On 
the other hand, the light curves appear to be reasonably well de- 
scribed by the expectations of the theory described in Sect. 13.11 
reaching a maximum between a few hours and a few days and 
then decaying. 

3.3. Estimation of tiie peak flux density distribution 

We can try to make a rough estimate of the distribution of peak 
flux densities using the data from our sample and information ex- 
trapolated from other spectral ranges. We assume that the peak 
flux density of GRB afterglows can be described by a gaussian 
function in the logarithmic space as is seen for the flux density 
at specific times in other wavelengths. This gaussian can be nor- 
malised using the fact that in band 3 we are detecting 30% of 
the afterglows down to a limit of ~ 0.9mJy. The largest uncer- 
tainty here comes from the dispe rsion of the gaussi an. Using the 
complete catalogue of data from Kann et al.lT2010l) we find that 
the dispersion in the brightness of observed optical 7? -band mag- 
nitudes, corrected of extinction, at a specific time (1.0 days) is 
of 0.49, whereas for the X -rays, using the data from the burst 
analyser (lEvans et al.ll2010h find a dispersion of 0.56. Both val- 
ues are quite similar, however, as the X-ray constitutes a more 
complete sample we will use this estimate. We must also con- 
sider that the sample of mm/submm follow-up mainly includes 
brighter bursts. If we calculate the average X-ray flux densities at 
one day of all the GRBs in the Swift sample and compare it with 
the subsample of the ones that were followed in mm/submm we 
find that the one first is dimmer by a factor of 1.7, which we ap- 
ply to the average of the estimated distribution in mm/submm. 
Figure \W\ shows a histogram with the detections and detection 
limits of all bands combined, together with the distribution of 
peak fluxes that has been estimated here, with an average of 0.3 
mJy. Using these values we estimate that ALMA should be able 
to detect, using band 3, 87 % of all the afterglows already in its 
early configuration with 16 antennas, and 98 % in its full setup 
of 66. Using band 6, the values would be 72 % (early) and 94 % 
(full), and in band 7, 50 % (early) and 82 % (full). 




0.01 0.10 1.00 10.00 100.00 

Peal< flux (mJy) 

Fig. 10. Histogram showing the detections and detection limits 
of all the bands combined and an estimate of the real peak flux 
density distribution (indicated with a thick trace), compared to 
the detection limits of ALMA (from Table|5]l. The dashed-dotted 
gaussian is the distribution derived from our sample, before cor- 
recting for the selection bias, as explained in the text. 
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3.4. Comparison with X-ray flux densities 



Thanks to the X-Ray Telescope (XRT; iBurrows et al]|2005h on- 
board Swift, nowadays we have early X-ray detections of the vast 
majority of GRB afterglows within the first minutes after the 
burst. These observations give us not only a precise position of 
the afterglow, but also a spectrum from which we can derive the 
unextinguished flux density, the spectral slope and the extinc- 
tion due to metals in the line of sight. All this information can 
be used to estimate the expected flux in other wavelengths on a 
case to case basis assuming a synchrotron model as described in 
Sect.O 

In this section we make a general comparison of the flux 
densities measured in the X-ray and mm/submm bands for those 
bursts that were observed by Swift. For the X-rays, we use the 
flux densities measured 0.5 days after the burst (when we can as- 
sume that the emis sion is dominated by the afterglow) at 10 keV 
(lEvans et al.l l2010( ). The scarce and heterogenous mm/submm 
coverage does not allow us to obtain a sample of flux densities 
at a given epoch. In consequence, we use, as an approximation 
the peak flux densities, as explained in Sect. [3] The two quan- 
tities are plotted in Fig. [TT] where we can see, as expected, a 
correlation between the flux density measured in X-rays and in 
mm/submm, although with a significant dispersion. 



10.00 



V V 



V 



V V 



V ^- / 



V 



10' 



10 10 10 

X-ray flux density at 0.5 day (mJy) 



10" 



Fig. 11. Comparison of the peak flux density measured in 
mm/submm with the X-ray flux density 0.5 days after the burst 
(at lOkeV). Filled dots indicate detections, whereas empty trian- 
gles are 3cr detection limits. Dashed lines indicate some charac- 
teristic slopes of the fireball model. The dotted line is the average 
observed in the sample of detections and the dashed-dotted line 
is an estimation of the real average. 



lEvans etaTI (l2009l) found that the typical spectral slope mea- 
sured in X-rays was, on average /3x ~ -1.0 (where Fy oc i/), 
which would be the slope expected for an electron index of 
p - 2.0 if X-rays were above the cooling break (Vc). The ex- 
trapolation of the X-ray measurement to mm/submm using this 
slope would give us the maximum flux that we could expect to 
measure for a synchrotron spectrum and is indicated in the fig- 
ure by the upper dashed line. As expected, there is no GRB that 
has been measured above this extrapolation. On the other side, 
if Vc was just below X-rays, the lowest extrapolated flux would 
be obtained using a spectral inde x oiP = -0.5 , also indicated in 
the figure. This is what Jakobsso n et al.l (l2004l) used to define the 
limit for dark bursts (see Sect. 14.11 1. In the case of mm/submm, 
due to the lack of extinction or due to dust or high redshift. 



we would only expect to find below this threshold those bursts 
where v„ would be above the mm/submm range. In Fig. ITTIwe 
can see that all our detected bursts are located between these 
two limits, and mostly clustered around /3 = -0.75. On the other 
hand, the average flux density derived from X-rays 0.5 days af- 
ter the burst (derived in a similar way as we did for 1 day in 
Sect. 13.31 ) at lOkeV is 1.04 x 10"^ mJy, whereas we estimated at 
typical peak flux density of 0.3 mJy. This would imply a typical 
y6mm-x=0.65, slightly lower than the typical value for detected 
bursts, as expected due to the abundant detection limits. 

4. GRBs in the ALMA era 

As shown in Figs. [3] and [H until now the mm/submm observa- 
tions of GRBs have been limited by the low sensitivity of the ob- 
servations in this range as compared to other wavelengths. This 
is changing with the start of operations of the ALMA observa- 
tory. Even in its early configuration, ALMA will outperform the 
sensitivity of all previous observatories. Table|5]shows a compar- 
ison of the sensitivities (assuming equal observing conditions) of 
some of the current mm/submm observatories with ALMA, both 
in its early and final configuration. In its final setup, the sensi- 
tivities will improve between 1 and 2 orders of magnitude. If 
we consider that the atmospheric conditions at the ALMA site 
are commonly better than the average of other observatories, the 
difference will be even more significant. 

However, it will not only be the sensitivity, but also the spa- 
tial resolution that will allow ALMA to make breakthroughs in 
GRB studies. In its extended configuration, ALMA in its full 
array capabilities will allow resolutions of 0.050" in band 3 or 
0.013" in band 7 (4.8" and 1.7", respectively, in the most com- 
pact configuration), allowing precise localisation of the after- 
glows and detailed studies of the host galaxies. 

The observation of GRB 1 107 15A that we present here, ob- 
tained during the commissioning phase of ALMA, is an advance 
of what this observatory will be capable of. Already the com- 
missioning phase it was proved that ALMA can reliably perform 
ToO observations. Furthermore, with only 25 minutes on target, 
it obtained the deepest observation of a GRB in the 345 GHz 
band to date and allowed us to derive the most precise coordi- 
nates that are available for this afterglow. 

4.1. GRB afterglows 

ALMA observations will play a significant role in understand- 
ing the physics of GRBs and their environment. The increased 
sensitivity will allow us to probe almost complete samples of af- 
terglows, not just limited to the brightest events as we do now, 
eliminating most of the observational biases. In the case of very 
bright events ALMA will allow us to attempt, for the first time, 
studies of absorption spectral features, from which we will be 
able to derive the molecular content of distant galaxies and the 
chemical enrichment of the interstellar medium along the history 
of the Universe. 

Thanks to its large collecting area, ALMA will also be able 
to provide polarimetric measurements for a sample or relatively 
bright events. As shown by Tomaetal. (2008), this can give 
a unique view on some fundamental physics of Shockwaves 
(though ALMA polarimetric calibration is unlikely to get better 
than ~ 1 percent). Furthermore, simple linear polarisation mea- 
surements in submm and optical, will tell us about the plasma 
properties in the forward shock and the geometry of the ejecta. 

One of the key areas where ALMA will play an important 
role will be the study of dark bursts, which strongly bias the op- 
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Table 5. Continuum flux density sensitivity (Icr) with 1 hr on-source observations. Based on the exposure time calculators of the 
different observatories operating in the mm/submm range. We assumed a precipitable water vapour of 1mm and an average elevation 
of the source of 60 deg. 



Obs./Inst. 


Band 3 


Band 6 


Band 7 


Band 9 




(mJy) 


(mly) 


(mJy) 


(mJy) 


APEX (LABOCA/SABOCA)' " 






2.6 


22.2 


SMA^ 




0.8 


2.0 


29 


IRAM30m (MAMB02)'* 




0.76 






PdBI (WIDEX)^ 


0.08 


0.18 






JCMT (SCUBA2)« 






0.9 


3.6 


CARMA' 


0.43 


0.68 






ALMA (Early)« 


2.3x10-^ 


4.7x10-^ 


0.10 


0.72 


ALMA (Full)** 


6.4x10-3 


1.4x10-2 


3.0x10-2 


0.20 



http://www.apex-telescope.org/bolometer/laboca/obscalc/ 
*2> http://www.apex-telescope.org/bolometer/saboca/obscalc/ 
http://smal .sma.hawaii.edu/beamcalc.html 
https://mrt-lx3.iram.eS/nte/time_estimator.psp#mambo 
<5> http://www.iram.fr/IRAMFR/GlLDAS/ 
http://www.jach.hawaii.edu/JCMT/continuum/scuba2_integration_time_calc.html 
http://bima.astro.umd.edu/carma/observing/tools/rms.html 
http://www.eso.org/sci/facilities/alma/observing/tools/etc/ 
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Fig. 12. SED of the afterglow of the dark GRB 051022. Filled 
dots mark detections while empty dots and arrow mark detec- 
tion limits. In blue we draw a synchrotron spectrum that can ex- 
plain the radio and X-ray emission, while the optical/nIR data 
^jQi4-i5 jj^) he well bellow. Adding a Small Mageflanic Cloud 
(SMC) extinction of Ay ~ 15 results in a SE P (red dotted line) 
consistent with all the data (data obtained from Cameron & Fraill 



l2005HBremer et al.ll2005tlCastro -Tirado et al ] l2007h 



tically selected samples of GRBs (see for example iFvnbo etaTI 
l2009l) . Dark bursts are those that are less luminous in the op- 
tical than what we would expect them to be assuming a syn- 
chrotron spectrum as the one explai ned in Sect. | 3.1lb a sed on the 
extrapolation of X-ray observations. iJakobsson et aP ( 20041) de- 
fine t hem assuming that the electron index is /? > 2 ( Sari et al] 
[T998h . and that v,„ is below optical frequencies (as is normally 
the case). Under this assumption, we would never expect a 
synchrotron spectrum with a slope between optical and X-rays 
/3ox > -0.5 (note that in this paper we use the convention 
Fy cc as in Sari et al. 1998, /3 having opposite sign to the one 
used by Ja kobsson et al. 2004). This definition was extended by 
Ivan der Horst et al.i (f2009l) not limiting the value of p and, in- 
stead, requiring j3ox > jSx + 0.5 (being /?x the spectral slope 
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Fig. 13. SED of GRB 050904 at redshift z = 6.29 dKawai et al.l 
2004 

using the detection from PdBI 5.896 days after the burst 
(Castro- Tirado et a l. 2012). The X-ray flux is est imated from the 
XRT light curve, the radio data are fromlFrail et al. (2006), whil e 
optical/NIR are ex trapolations from Tagliafe rri et al.l (l2005h : 
iHaisIip et al.l (12006) . For the rough synchrotron spectrum drawn 
in blue, we have assumed an electron energy distribution in- 
dex of p - 2.30, while an SMC extinct ion with Ay — 0.12 
(co nsistent with the v alue derived by Stratta et al.H201 1^ but see 
also lZafar et aI.l20Toh and Lyman blanketing (Madau 1995) have 
been considered in the red dotted line to match the optical/NIR 
observations. With these data we can constrain the position of 
v« < 2 X 10" Hz and 2 x 10" < v, < 10'^ Hz. 



measured in X-rays), given that the X-ray spectral slope is nor- 
mally well constrained. This reduced optical emission can be 
due to optical extinction by dust, a high-redshift event (where 
the Lyman break is beyond the optical, at z > 5) or a deviation 
from the simple synchrotron spectrum (like an additional inverse 
Compton component or a distribution of the emitting electrons 
not described by a single power law). Below we give an example 
of each of the two main families of dark bursts. 
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Optically selected samples of GRBs are limited by the 
amount of extinction in the host galaxy that, if large, can at- 
tenuate the optical emission and make it undetectable. Hence, 
there is a strong bias against high extinction bursts, which limits 
our capability to study the star forming regions where GRBs are 
produced. However, the negligible effect of dust extinction in the 
mm/submm range allows us to detect afterglows independently 
of this effect, and consequently study a more complete sam- 
ple. As an example of highly extinguished burst, we can look at 
the case of GRB 051022, with ySox > 0.05 dCastro-Tirado et alj 
I2OO7HR0I etani2007h one of the darkest bursts detected to date, 
for which an optical counterpart was not found. Precise loca- 
tion was obtained thanks t o mm observations ( Cam"eron & Fraiil 
l2005t iBremer et alJl2005l: ICastro -Tirado et al ] l2007h . which al- 
lowed identification o f the host galaxy, for whic h a redshift of 
z - 0.8 was derived dCastro-Tirado et al]|2007h . A broadband 
study allows us to impose a lower limit on the host galaxy ex- 
tinction of Ay > 15 (see Fig. ^12\ and for other estimates also 
ICastro-Tirado et all 120071: iRol et al. 2007), far beyond what is 
typically seen in optically selected GRB afterglows. 

The other main cause for optically dark GRBs is a high 
redshift. In these cases the absorption produced at frequencies 
higher than the Lyman limit does not allow us to obtain opti- 
cal detections (in /?-band) of GRB afterglows beyond redshifts 
of 6. These events are important to understand the formation of 
the first stars in the Universe. Proof that they can be detected in 
the mm/submm range is the fact that already in the pre- ALMA 
era, out of the three GRB afterglows observed at z > 6, two 
have been detected (GRB 050904 at z = 6.3 and GRB 090423 at 
z = 8.2). In Fig. [H] we have drawn the SEP of GR B 050904 
at z = 6.3, including radio limits ( Frail et al .1120061) . a detec- 
tion in band 3 (and a limit in band 6) from Plateau de Bure 



Interfero meter (ICastro-T irado et al.ll2012|). near-infra red and op- 
tical data (iTagliaferri eral.ll2005i: 'Haislip et al."2006') and X-ray 
data from Swift. In spite of its high redshift, this burst was de- 
tected with a peak flux density of 1.47 mJy in band 3, 80 times 
above ALMA's detection threshold for 1 hr of observations in 
band 3. In the case of bright events it has been suggested that 
the study of the HD deuterium-molecule rotational-transition in 
absorption at 112 fim could give us important clues on the for- 
matio n of population III stars at very high redshift (llnoue et al.l 
120071) . CO absorption lines, which have been already reported 
through optical spectroscopy of the afterg low of GRB 080607 
(iProchaska et al.ll2009l: ISheffer et al.ll2009() are also good candi- 
dates to produce absorption features in the mm/submm range. 



4.2. GRB host galaxies witti ALMA 

Up to now the majority o f GRB hosts has not been detected at 
mm/submm wavelengths dl^nvir et alJl2004t iBerger et"ani2003l : 
iPriddev et alll2006al:lwatson et al.ll201 1|) even when dark GRBs 
(whic h are supposed to be dusty) were targeted ([Barnard et ^ 
2003). This was interpreted as an indication that they are not 
heavily dust-obscured. Except for the host of the local GRB 
980425 (Michalowski et al. in preparation), only three z ~ 
1 GRB hosts (GRB 000210, GRB 000418 and GRB 010222) 
were detected at mm and submm wavelengths (Frail et al. 2OO4 
iBerger et alJ2003l : lTanvir et a l. 2004). Their derived dust masses 
of a few times 10^ Mq ( Michalowski et al.l l2008h are compa- 
rable to that of z ~ 2-3 dusty starbursts known a s submm 
galaxies (Kovacs e t al.ll2006t iMichalowski et 001201 0*). Despite 
these significant amounts of dust, these GRB hosts exhibit prop- 
erties consistent with the rest of the GRB host population, 
namely blue optical colours, low extinction and low optical star 
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formation rates ( Gorosabel et alJ l2003allbl: Galama et aP 2003t 
Berger et al."2003VSavaglio et al."2003'.'2009':'Christense n et alJ 
2004; Castro Ceron et al. 2006, 2010; Kannetal. 2006). This 
discrepancy was explained by Michalowski et al.l (|2008) by in- 
voking very young stellar population with optical emission com- 
pletely extinguished by dust. This indicates that it is virtually 
impossible to predict the dust emission of GRB hosts based on 
their optical properties and advocates for the use of ALMA to 
target a significant and unbiased sample of these galaxies. 

Despite numerous attempts, CO emission has not b een de- 
tected for any GRB ho st galaxy (Kohno et al. 2005; End o et all 
12007; Hatsukade et al.''2007, 2011; Stanw av et al.l l2011); we re- 
fer to Table 1 in HatS-Ukad e et al. QOlJj) for a homogeneous 
overview of all available limits on CO line luminosities of GRB 
hosts. The derived upper limits on molecular gas masses of 10** 
- 10^ Mq indicate tha^t GRB hosts are not as gas-rich as submm 
galaxies dGreve et al.ll2005Hlvison et alJl20Tlh . 

We further note that the recent discovery of strong CO 
and H2 features in absorp tion in an optical spectrum of the 
afterglow of GRB 080607 (Prochask a et"ani2009t ISheffer et al.l 
[2009) highlights the value of ALMA molecular hne observations 
in tandem with optical spectroscopy. The detection of vibra- 
tionally excited tran sitions (H^) in the afterglow of GRB 080607 
(ISheffer et al.ll2009l) . hkely excited by the UV flux of the after- 
glow, show the importance of repeated spectroscopic observa- 
tions by ALMA to probe the ISM properties of the host galaxies 
through time variable lines. 

The unprecedented sensitivity of ALMA in the mm and sub- 
mm wavelengths, will allow the study of GRB host galaxies 
through both continuum and emission line observations. ALMA 
is sensitive enough to probe the dust properties of representa- 
tive GRB hosts, not only the most star-forming ones. Moreover, 
the excellent angular resolution of ALMA will allow spatially- 
resolved studies of these galaxies. This is important as there 
are indications that the immediate environments (1-3 kpc) of 



GRBs are the most star-forming sites within t heir host galax- 
ies ( Bloom et al. 2002; Fruchter et al. 2006; T hone et aljfeoOSt 
lOstlin et al.ll2008t iMichalowski et al.ii2009i) . 

To date, measured spectroscopic GRB redshifts range be- 
tween 0.0085 and 8.2. Figure [14] shows a number of spectral 
features that will be covered by the different ALMA bands 
for a range of redshifts between z - up to z - 10. 
Taking into account the weather constraints at the highest 
bands, we consider that bands 3 to 7 will be better suited 
for host detections. For the nearer events (z < 4) the car- 
bon monoxide ladder of rotational transitions up to 7 = 11- 
10 could be feasible as reported f or the submillimete r galaxy 
SMM J16359+6612 (at z = 2.52; WeiB et"al] l2005bl) and the 
broad absorption hne quasar APM08279-I-5255 (at z = 3.87; 
IWeifi et al.ll2007h . Additionally, the fine structure transitions of 
neutral carbon at 492 a nd 809 GH z were also detected to- 
wards APM08279+5255 dWeiB et al.l 7005a; Wagg et al. 2006). 
Moreover, [CI] at 809 GHz and CO 7 = 7 -'6, separated 
~ 2.4 GHz in the rest frame, could be observed simultaneously 
for redshifts of z ~ 2 - 8 provided the large bandwidth of ALMA 
receivers. At redshifts above z = 4-5, the higher-7 CO transi- 
tions will still be visible mostly within bands 3 to 5. Above that 
redshift, the fine structure lines of the most abundant elements, 
O, C, and N, will be the best suited ISM tracers. In particular the 
fine structure line of [CII] at 158 //m is likely the brig htest emis- 
sion line observable at high-z ( Maiol ino et al ] l2009h . The lines 
of [OIII] at 52 yum and 88 /im and [OI] at 63 yu m have also been 
reported towards high-r edshift lensed systems dFerkinhoff et al.l 
l2010HSfiirm etani2010l) . 



5. Conclusions 

This paper presents the most complete catalogue of GRB obser- 
vations in the mm/submm range to date, including observations 
of 1 1 GRBs from our programmes at APEX and SMA. We in- 
clude a short observation of a GRB obtained with the ALMA 
observatory during its commissioning phase and with only 7 an- 
tennas, that gives an early idea of the potential of the observatory. 
The total sample contains data from 102 GRBs. Among this col- 
lection of observations, there are 88 observations of GRB after- 
glows, of which 22 (25%) were detected (two of them discovered 
within our programmes) and 35 of host galaxies, of which 4 were 
detected. Observations until now have been strongly limited by 
the sensitivity of the instruments in this range, imposing impor- 
tant biases to any statistical study performed with them. Even 
with these limitations, we have proved that it is already possi- 
ble to detect counterparts to GRBs in the mm/submm range with 
redshifts ranging from 0.168 all the way up to 8.2. This spectral 
range has also proved to be a very useful tool to localise and 
characterise the counterparts of dark GRBs, which are elusive in 
optical wavelengths. 

Within the sample bursts have peak luminosities spanning 
over 2.5 orders of magnitude, with the most luminous reaching 
lO-'^erg s^'Hz"' . If such a burst happened at redshift of ~ 1 they 
would reach peak fluxes of 40 mJy and over 100 mJy at redshifts 
of ~ 0.5. Comparing with X-rays, we find a correlation of the 
peak flux density in mm/submm with the X-ray flux density at 
0.5 days that can serve to make rough predictions of mm/submm 
brightness from the early X-ray data. Using data from the sample 
and assumptions based on samples at other wavelengths, an esti- 
mate of the real peak flux density distribution of GRBs is made, 
from which an average peak flux density value of 0.33 mJy can 
be expected. 

On the 30* September 201 1, the ALMA observatory started 
scientific operations with a limited setup of 16 antennas. Already 
then, it became the most sensitive observatory in the mm/submm 
range, increasing the sensitivity and resolution by around an or- 
der of magnitude with respect to the previous instrumentation, 
being even more significant in the highest frequencies. The fi- 
nal full observatory, with 66 antennas will set completely new 
standards in the field. In addition to the improved sensitivity and 
resolution, ALMA will be capable of observing in a very wide 
range of frequencies, that was never covered before by a sin- 
gle observatory. Using our peak flux density estimates and the 
detection limits calculated for ALMA, we can expect that early 
ALMA will detect around 87 % of the bursts, while full ALMA 
should be able to detect 98 %. In the case of bright GRB af- 
terglows, hke GRB 030329, GRB 100621 A, GRB 100418A or 
GRB 11 07 15 A, where fluxes reached tens of mJy, ALMA wiU 
be able to study spectral features and perform polarimetric stud- 
ies of the afterglow, which have been out of reach until now. 

With ALMA we will be, for the first time, in position to un- 
dertake studies of samples of GRB host galaxies. We will be able 
to perform studies of the continuum emission to characterise the 
dust content and determine the unextinguished star formation 
rate of the hosts. Through the study of emission features from 
the host, we will be able to understand the molecular content 
and the chemical enrichment of the strong star-forming regions 
in which GRBs are found, at redshifts that go back to the epoch 
in which the first stars were formed. 
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Table 1. Pre-ALMA observations of GRBs in the millimeter and submillimeter range. Epochs are given as mid-observing time since the ORB 
onset (/ - to) or the closest value available. Errors are Icr, while upper limits are 3cr. Whenever possible we specify the formal measured flux at 
the position of the afterglow for detection limits in brackets, when not available we have written 0.00. For observations performed more than 6 
months from the burst, obtained to look for the host and not for the afterglow, we do not give the epoch and just mark them as "Late". 
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Redshift 
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t-to 
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Flux density 


Reference 
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(GHz) 


(mjy) 




97011 1 
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^ o r\ f\f\ / r\ r\c\ . i n r\f\\ 

< 30.00 (0.00 ± 10.00) 


Smith et al. 1997 






BIMA 
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85.0 


^ A on /n nn i i Af\\ 
< 4.20 (0.00 ± 1.40) 


!Smitn et al. 199/ 


970228 


0.69 


BIMA 


5.970 


85.0 


< 16.50 (0.00 ± 5.50) 


Smith et al. 1997 






BIMA 


6.990 


86.4 


< 3.60 (0.00 ± 1.20) 


Smith et al. 1997 






JCMT 


Late 














Late 


1 ^n n 


< i.yvi (1. /6 ± i.jz) 


lanvir et al. zUU4 






JCMT 


Late 
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< 54.90 (-21.40 ± 18.30) 


Berser et al. 2003 
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DTA/T A 
DiiVlA 


1.2VD 


Q'^ n 


< oZ.tyy) (U.UU ± z/.oU; 


oruenui et ai. Vyyo 






DLLVIJX 
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^ l^ fif\ fCi nn -i- 1 ir\\ 
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oo.ts 


< iU.oU (U.UU ± J.OKJ) 


Miepiiera et ai. vyy i 






KJ\ tSXJ 


J. ZOO 
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< 1 6 20 CO on + S 40^ 


Gniendl et al 19QS 
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Gruendl et al. 1998 
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Gruendl et al. 1998 






PdBI 
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^remer et ari998 






PdBI 
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^remer et al. 1998 
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B^remeretal. 1998 
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^remer et al. 1998 
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Z i .zUU 
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Oruencll et al. lyyo 
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Bremer et al. 1998 
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Late 


350.0 


< 3.03 (-1.57 ± 1.01) 


Bereer et al. 2003 






JCMT 


Late 


670.0 


< 102.00 (6.00 ± 34.00) 


Berger et al. 2003 


970828 
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JCMT 


Late 


350.0 


< 7.08 (1.26 ±2.36) 


Barnard et al. 2003 
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3.43 


JCMT 
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350.0 


< 9.00 (0.00 ± 3.00) 


Smith et al. 1999 
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n "-.1 ill r\r\f\ 

Smith et al. 199^ 
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, A r r\ / r\ r\r\ 1 C fW 
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o ■ 1-1 1- 1 t c\r\c\ 
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980326 


— 


JCMT 


2.470 


350.0 


< 8.10 (0.00 ±2.70) 


Smith et al. 1999 






JCMT 


Late 


350.0 


< 3.54 (-0.27 ± 1.18) 


Tanvir et al. 2004 






JCMT 


2.470 


670.0 


< 90.00 (0.00 ± 30.00) 


Smith et al. 1999 


980329 


3.50 


OVRO 


7.800 


90.0 


< 2.10 (1.65 ±0.70) 


Tavlor et al. 1998 






OVRO 


9.800 


90.0 


< 2.55 (1.67 ±0.85) 


Tavlor et al. 1998 






OVRO 


11.800 


90.0 


< 2.37 (1-24 ± 0.79) 


Tavlor et al. 1998' 






OVRO 


12.800 


90.0 


< 2.40 (0.72 ± 0.80) 


lavlor et al. 1998 






JL,M1 


tu.uuu 


nn n 
ZZU.U 


^ 1 An tr\ nn _i_ i onN 
< J.oU (U.UU ± l.zU) 


omitn et at. lyyy 
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omitn et al. lyyy 






JCMT 


8.000 


350.0 


4.00 ± 1.20 


Imith et al. 1999 






JCMT 


9.000 


350.0 


<2.70 (2.10 ±0.90) 


"mith et al. 199™ 






JCMT 


10.000 


350.0 


< 3.00 (2.00 ± 1.00) 


Smith et al. 1999 






JCMT 


13.000 


350.0 


< 2.70 (0.80 ± 0.90) 


Smith et al. 1999 






JCMT 


Late 


350.0 


< 2.52 (1.83 ± 0.84) 


Bereer et al. 2003 






JCMT 


Late 


350.0 


< 3.57 (-1.53 ± 1.19) 


Tanvir et al. 2004 






JCMT 


7.500 


670.0 


< 30.00 (0.00 ± 10.00) 


Smith et al. 1999[ 






JCMT 


Late 


670.0 


< 30.60 (8.60 ± 10.20) 


Berser et al. 2003 


980519 




JCMT 


8.200 


350.0 


< 5.40 (0.90 ± 1.80) 


Smith et al. 1999 






JCMT 


8.200 


350.0 


< 240.00 (0.00 ± 80.00) 


Smith et al. 1999 


980613 


1.10 


JCMT 


Late 


350.0 


< 2.76 (1.75 ±0.92) 


Bereer et al. 2003 






JCMT 


Late 


670.0 


< 52.80 (22.60 ± 17.60) 


Bereer et al. 2003 
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GRB 


Redshift 


Observatory 


t-to 


Band 


Flux density 


Reference 








(days) 


(GHz) 


(mjy) 




980703 


0.97 


JCMT 


7.320 


220.0 


< 7.80 (0.00 ± 2.60) 


Smith et al. 1999 






JCMT 


12.420 


350.0 


<4.80 (0.00 ± 1.60) 


Smith et al. 1999 






JCMT 


Late 


350.0 


< 2.79 (-1.64 ±0.93) 


Bereer et al. 200^ 






Jl_Ml 


Late 


350.0 


< 5A1 (— l.io ± 1.14) 


ianvir et at. zUU4 






JCMT 


12.420 


670.0 


^ ^ f\ f\f\ / f\ f\f\ '^/^ f\fW 

< 60.00 (0.00 ± 20.00) 


Smith et al. 1999 






JCMT 


Late 


670.0 


< 32.10 (-13.90 ± 10.70) 


Bereer et al. 2003 


981220 




JCMT 


9.330 


350.0 


< 4.80 (0.10 ± 1.60) 


Smith et al. 1999 


981226 


1.11 


JCMT 


3.740 


350.0 


< 11.40 (0.60 + 3.80) 


Smith et al. 1999 






JCMT 


Late 


350.0 


< 3.51 (-2.97 ± 1.17) 


Barnard et al. 2003 


990123 


1.61 


PDBI 


1.770 


86.3 


< 0.87 (0.10 ±0.29) 


_Galamaetal. 1999 






IRAM30m 


5.130 


86.6 


< 27.30 (-4.10 ±9.10) 


^alamaetal. 199? 






IRAM30m 


7.120 


86.6 


< 10.50 (8.50 ± 3.50) 


Galamaetal. 1999 






PDBI 


9.060 


86.3 


< 0.93 (-0.50 ±0.31) 


Galama et al. 1999 






PDBI 


11.650 


86.3 


< 1.44 (-0.03 ±0.48) 


Galama et al. 1999 






IRAM30m 


5.130 


142.3 


< 99.00 (-37.00 ± 33.00) 


_Galama et al. 1999 






IRAM30m 


7.120 


142.3 


< 87.00 (10.00 ±29.00) 


galama et aT 1999 






JCMT 


1.270 


222.0 


< 7.50 (-4.10 ±2.50) 


Galama et al. 1999 






PDBI 


1.770 


232.0 


< 3.60 (-1.60 ± 1.20) 


Galama et al' 1999 






JCMT 


4.420 


222.0 


< 5.70 (0.70 ± 1.90) 


&ilama et al. 1999 






IRAM30m 


5.130 


228.9 


< 57.00 (-9.00 ± 19.00) 


Galama et al. 1999 






IRAM30m 


7.120 


228.9 


< 36.00 (13.00 ± 12.00) 


Galama et ah 1999 






PDBI 


9.060 


212.2 


< 3.90 (0.40 ± 1.30) 


galama et ah 1999 






PDBI 


11.650 


231.5 


< 12.90 (-2.70 ±4.30) 


Galama et al. 199^ 






JCMT 


4.480 


353.0 


< 3.60 (-3.30 ± 1.20) 


Galama et al. 1999 






JCMT 


6.470 


353.0 


< 4.50 (0.80 ± 1.50) 


Galama et al. 1999 






JCMT 


12.420 


353.0 


4.90 ± 1.50° 


Galama et al. 1999 






JCMT 


13.440 


353.0 


< 3.30 (1.20 ±1.10) 


Galama et al. 1999 






JCMl 


Late 


350.0 


< 13. DJ (—4.15 ± 4.^5) 


ianvir et al. zUU4 






JCMT 


4.470 


666.0 


^ r- 1 f\f\ / f\f\ 1 ^ f\r\\ 

< 51.00 (-2.00 ± 17.00) 


"l L 1 1 f\C\f\ 

galama et al. 1999 






JCMT 


6.460 


666.0 


< 69.00 (-8.00 ± 23.00) 


/"I "l L 1 "1 f\C\f\ 

galama et al. 1999 






JCMT 


12.410 


666.0 


< 54.00 (15.00 ± 18.00) 


1 -.11 f\r\c\ 

Galama et al. 1999 


990308 


_ 


JCMT 


Late 


350.0 


< 5.25 (0.02 ± 1.75) 


Tanvir et al. 2004 


990506 


1.31 


JCMT 


Late 


350.0 


< 4.08 (-0.25 ± 1.36) 


Barnard et al. 2003 


991208 


0.71 


OVRO 


3.430 


100.0 


3.60 ± 0.80 


_Galama et al. 2000 






OVRO 


5.650 


100.0 


3.50 ±0.80 


Galama et al. 2000 






PdBI 


7.420 


86.2 


2.50 ±0.50 


&ilama et al. 2000 






OVRO 


7.530 


100.0 


< 2.40 (1.90 ±0.80) 


Galama et al. 2000 






OVRO 


8.690 


100.0 


< 2.40 (1.70 ±0.80) 


Galama et al. 2000 






IRAM30m 


3.570 


250.0 


2.60 ± 0.80 


Galama et al. 2000 






IRAM30m 


4.190 


250.0 


2.00 ± 0.50 


Galama et al. 2000 






iKAMjUm 


0. iou 


zjU.U 


< Z.IU (Z.UU ± U. /U) 


Oalama et al. zUUU 






IRAM30m 


13.190 


250.0 


< 1.80 (0.10 ±0.60) 


Galama et al. 2000 






JCMT 


7.630 


350.0 


< 11.10 (3.40 ± 3.70) 


Smith et al. 2001 






JCMT 


11.630 


350.0 


< 5.40 (-0.80 ± 1.80) 


Smith et al. 2001 






JCMT 


Late 


350.0 


< 3.66 (1.97 ± 1.22) 


Tanvir et al. 2004 






JCMT 


Late 


350.0 


< 3.36 (-1.04 ± 1.12) 


Beraer et al. 2003 






JCMT 


Late 


670.0 


< 51.60 (26.00 ± 17.20) 


Berger et al. 2003 


991216 


1.02 


OVRO 


2.630 


99.0 


< 2.10 (0.09 ±0.70) 


Frail et al. 2000 






JCMT 


1.810 


350.0 


<4.80 (0.70 ± 1.60) 


Smith et al. 2001 






JCMT 


2.780 


350.0 


< 5. 10 (-2.00 ±1.70) 


Smith et al. 2001 






JCMT 


Late 


350.0 


< 2.82 (0.47 ± 0.94) 


Beraer et al. 2003 






JCMT 


Late 


670.0 


< 63.90 (-6.50 ±21.30) 


Bereer et al. 2003 


000210 


0.85 


JCMT 


Late 


350.0 


<4.62 (3.31 ± 1.54) 


Barnard et al. 200_3 






JCMT 


Late 


350.0 


2.97 ± 0.88 


Bereer et al. 2003* 






JCMT 


Late 


670.0 


< 135.30 (70.10 ±45.10) 


Bereer et al. 2003 
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GRB 


Redshift 


Observatory 




Band 


Flux density 


Reference 








(days) 


(GHz) 


(mJy) 




00030 IC 


2.03 


OVRO 


4.160 


100.0 


2.85 ± 0.95 


Bereer et al. 2000 






OVRO 


5.160 


100.0 


<4.50 (0.10 ± 1.50) 


Bereer et al. 2000 






IRAM30m 


2.880 


250.0 


2.10 ±0.30 


Bereer et al. 2000 






IRAM30m 


4.000 


250.0 


2.30 ± 0.40 


Berger et al. 2000 






IRAM30m 


4.880 


250.0 


2.00 ± 0.50 


Berser et al. 2000 






IRAM30m 


7.840 


250.0 


< 1.80 (0.40 ±0.60) 


Berger et al. 2000 






IRAM30m 


22.880 


250.0 


< 1.50 (-0.30 ± 0.50) 


Bereer et al. 2000 






J V^iVi 1 








OllllLIl CL dl. ZUUl 






JCMT 


4.120 


350.0 


< 3.60 (1.90 ± 1.20) 


Smith et al. 2001 






JCMT 


5.090 


350.0 


< 2.70 (1.10 ±0.90) 


Smith et al. 200^ 






JCMT 


Late 


350.0 


< 3.63 (-1.81 ± 1.21) 


Tanvir et al. 2004 






JCMT 


Late 


350.0 


< 3.99 (-1.04 ± 1.33) 


Berger et al. 2003 






JCMT 


Late 


670.0 


< 32.10 (21.40 ± 10.70) 


Berger et al. 2003 


000418 


1.12 


JCMT 


Late 


350.0 


3.15 ±0.90 


Berger et al. 2003 






JCMT 


Late 


670.0 


< 78.30 (31.90 ±26.10) 


Berger et al. 2003 


000911 


1.06 


JCMT 


6.230 


350.0 


< 4.20 (-0.40 ± 1.40) 


Smith et al. 2001 






JCMl 


c\ 1 on 
9.190 


350.0 


< 3.30 (0.3U ± i.iO) 


Smith et at. zUUl 






JCMT 


Late 


350.0 


<2.73 (2.31 ±0.91) 


Berger et al. 2003 






JCMT 


Late 


670.0 


< 68.10 (4.70 ±22.70) 


Berger et al. 2003 


000926 


2.07 


JCMT 


3.280 


350.0 


< 12.60 (7.30 ± 4.20) 


Smith et al. 200^ 






JCMT 


Late 


350.0 


, o /TV /I An 1 

< 3.69 (1.40 ± 1.23) 


T' 1- 1 ^ f\r\ A 

Tanvir et al. 2004 


00 1025 A 


— 


JCMT 


Late 


350.0 


< 9.12 (-2.53 ±3.04) 


Tanvir et al. 2004 


f\f\ 1 1 f\f\ 

001109 




IRAM30m 


Late 


250.0 


1 c r\ / f\ f\f\ f\ new 

< 1.50 (0.00 ± 0.50) 


Castro Ceron et al. 2004 


010222 


1.48 


OVRO 


0.400 


98.5 


< 6.00 (0.30 ± 2.00) 


Frail et al. 2002 






OVRO 


1.210 


98.5 


< 2.40 (-0.30 ± 0.80) 


Frail et al. 2002 






PdBI 


2.720 


93.1 


< 0.96 (-0.49 ± 0.32) 


Sagar et al. 2001 






PdBI 


21.960 


93.1 


< 0.69 (-0.42 ± 0.23) 


Sagaretal. 2001 






TP A A/T^nm 


n son 


ZjU.U 


^ 1 AO i\ ^0 -I- n '^A\ 


rraii et ai. iXiViL 






UVKU 


1 1 n 


ZZl.U 


^ 1 ^ nn I \ 1 ^ _i_ nnA 
< IJ.UU (^l.lj ± j.UUJ 


rraii et ai. zuvz 






PdBI 


2.720 


232.0 


< 4.80 (-0.09 ± 1.60) 


Sagar et al. 2001 






IRAM30m 


2.820 


250.0 


1.09 ±0.32* 


Frail et al. 2002 






IRAM30m 


3.900 


250.0 


1.00 ±0.33* 


Frail et al. 2002 






IRAM30m 


19.020 


250.0 


<2.82 (0.91 ±0.94) 


Frail et al. 2002 






IRAM30m 


19.930 


250.0 


< 1.83 (1.31 ±0.61) 


Frail et al. 2002 






PdBI 


21.960 


227.2 


< 4.50 (-4.57 ± 1.50) 


Sagaretal. 2001 






IRAM30m 


24.630 


250.0 


< 3.30 (0.78 ± 1.10) 


"Frail et al. 2002' 






IRAM30m 


Late 


250.0 


< 1.44 (1.13 ±0.48) 


Frail et al. 2002* 






JCMT 


0.350 


350.0 


4.34 ± 1.09* 


Frail et al. 2002 






JCMT 


1.320 


350.0 


3.36 ± 0.72* 


Frail et al. 2002 






JCMT 


2.440 


350.0 


4.04 ± 1.14'' 


Frail et al. 2002 






JCMT 


7.210 


350.0 


< 6.18 (1.14 ±2.06) 


Frail et al. 2002 






JCMT 


8.370 


350.0 


< 2.82 (0.63 ± 0.94) 


Frail et al. 2002 






JCMT 


18.430 


350.0 


3.98 ± 1.25* 


Frail et al. 2002 






JCMT 


2.400 


660.0 


< 37.80 (0.00 ± 12.60) 


Frail et al. 2002 


010921 


0.45 


JCMT 


Late 


350.0 


< 3.42 (0.46 ± 1.14) 


Tanvir et al. 2004 


011211 


2.14 


JCMT 


Late 


350.0 


< 3.03 (1.39 ± 1.01) 


Berger et al. 2003 






JCMT 


Late 


350.0 


< 5.61 (3.81 ± 1.87) 


Tanvir et al. 2004 






JCMT 


Late 


670.0 


< 45.60 (8.10 ± 15.20) 


Berger et al. 2003 


020124 


3.20 


IRAM30m 


Late 


250.0 


< 1.80 (0.28 ± 0.60) 


Priddev et al. 2006b 






JCMT 


Late 


350.0 


< 6.90 (1.20 ±2.30) 


Tanvir et al. 2004 


020531 




PdBI 


20.833 


86.2 


< 3.15 (-0.38 ± 1.05) 


Castro-Tirado et al. 2012 


020813 




PdBI 


0.850 


89.2 


< 1.11 (-0.13 ±0.37) 


Bremer & Castro-Tirado 2002 






IRAM30m 


0.730 


250.0 


< 3.45 (1.45 ± 1.15) 


Bertoldi et al. 2002 






PdBI 


0.850 


232.0 


< 6.18 (-0.63 ±2.06) 


Bremer & Castro-Tirado 2002 






IRAM30m 


1.870 


250.0 


< 4.17 (1.08 ±1.39) 


Bertoldi et al. 2002 






JCMT 


Late 


350.0 


< 10.50 (-1.40 ±3.50) 


Tanvir et al. 2004 
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GRB 


Redshift 


Observatory 




Band 


Flux density 


Reference 








(days) 


(GHz) 


(mJy) 




021004 


2.32 


PdBI 


1.480 


86.3 


2.47 ± 0.29 


de Ugarte Postiao et al. 2005 






PdBI 


1.641 


115.3 


< 4.32 (1.62 ± 1.44) 


de Ugarte Postigo et al. 2005 






PdBI 


2.639 


87.7 


2.57 ± 0.56 


de Ugarte Postigo et al. 2005 






PdBI 


6.477 


86.2 


1.67 + 0.34 


de Ugarte Postigo et al. 2005 






PdBI 


15.414 


92.0 


0.97 ± 0.25 


"de Ugarte Postigo et al. 2005 






PdBI 


32.477 


98.0 


<0.81 (0.15 ±0.27) 


de Ugarte Postigo et al. 200? 






PdBI 


1.480 


231.7 


< 3.66 (1.22 ± 1.22) 


de Ugarte Postigo et al. 2005 






PdBI 


1.641 


231.7 


< 10.95 (0.22 ± 3.65) 


de Ugarte Postigo et al. 2005 






PdBI 


2.639 


232.0 


< 4.62 (3.26 ± 1.54) 


de Ugarte Postigo et al. 2005 






PdBI 


6.477 


208.5 


< 5.88 (4.71 ± 1.96) 


de Ugarte Postigo et al. 2005 






PdBI 


15.414 


232.0 


< 3.00 (1.60 ± 1.00) 


de Ugarte Postigo et alj_2005 






PHRT 


^9 All 




< Z.l J ^— U.JJ ± U. / 1 J 


ueugdi LC r USLlgO eL di^ZOUJ 






JCMT 


0.140 


350.0 


< 78.00 (5.00 ± 26.00) 


Smith et al. 2005a 






JCMT 


0.853 


350.0 


< 15.00 (-4.00 ±5.00) 


Smith et al. 2005a 






JCMT 


1.913 


350.0 


<4.50 (0.90 ± 1.50) 


Smith et al. 2005a 






JCMT 


6.984 


350.0 


< 4.50 (-3.70 ± 1.50) 


Smith et al. 2005a 






JCMT 


Late 


350.0 


< 3.75 (0.77 ± 1.25) 


Tanvir et al. 2004 


09 1 9 1 1 


1 ni 


TP A Ayf^Om 


Late 


ZJU.U 


^ 1 (Tl 07 -1- n 

< L.Jy \\J.\J/ ± yj.Jj} 


rliuuev ei al. ZL/VJDD 








1 .\JJJ 




^ 7 so ("7 10-1-9 ^(Y\ 


olIllLll CI al. ZUUJa 






JCMT 


9.973 


350.0 


< 9.00 (-2.40 ± 3.00) 


Smith et al. 2005a 


030115 




IRAM30m 


0.940 


250.0 


< 2.70 (0.40 ± 0.90) 


Bertoldi et al. 2003b 






IRAM30m 


3.170 


250.0 


< 4.80 (2.90 ± 1.60) 


Bertoldi et al. 2003b 






IRAM30m 


Late 


250.0 


< 2.28 (0.01 ± 0.76) 


Priddev et al. 2006b 






JCMT 


Late 


250.0 


< 3.30 (-1.00 ±1.10) 


Priddev et al. 2006b 






JCMT 


3.314 


350.0 


< 5.40 (0.20 ± 1.80) 


Smith et al. 2005a 






JCMT 


Late 


670.0 


< 36.00 (-1.00 ± 12.00) 


Priddev et al. 2006b 


030226 


1.99 


PdBI 


1.799 


85.3 


< 0.93 (0.54 ± 0.31) 


Pandey et al. 2004 






PdBI 


4.042 


89.2 


< 2.28 (-0.50 ± 0.76) 


^ndev et al. 2004 






PdBI 


10.049 


92.0 


< 2.10 (-1.01 ±0.70) 


^andev et al. 2004 






PdBI 


12.009 


90.8 


< 2.52 (-0.43 ± 0.84) 


^andev et al. 2004 






PdBI 


13.751 


114.7 


< 2.04 (0.73 ± 0.68) 


^andev et al. 2004 






PdBI 


16.785 


92.1 


< 1.02 (0.23 ±0.34) 


Tandev et al. 2004 






PdBI 


1.799 


220.3 


< 5.88 (-0.90 ± 1.96) 


Pandev et al. 2004 






PdBI 


10.049 


232.0 


< 10.35 (-0.83 ± 3.45) 


Pandev et al. 2004 






PdBI 


12.009 


221.9 


< 11.58 (-4.00 ±3.86) 


Tandev et al. 2004 






PdBI 


13.751 


231.0 


<4.53 (-2.13 ±1.51) 


Pandev et al. 2004 






PdBI 


16.785 


219.0 


< 3.36 (-0.25 ± 1.12) 


Pandey et al. 2004 






IRAM30m 


Late 


250.0 


< 1.98 (-0.29 ±0.66) 


Priddev et al. 2006b 






JCMT 


0.245 


350.0 


< 7.80 (5.10 ± 2.60) 


Smith et al. 2005a 






JCMT 


0.301 


350.0 


< 3.90 (1.20 ± 1.30) 


Smith et al. 2005a 






JCMT 


1.288 


350.0 


< 5.40 (-1.90 ± 1.80) 


Smith et al. 2005a 






JCMT 


2.369 


350.0 


< 4.50 (0.00 ± 1.50) 


~mith et al. 2005a 






JCMT 


24.401 


350.0 


< 11.40 (-4.30 ± 3.80) 


Smith et al. 2005a 


030227 


— 


IRAM30m 


Late 


250.0 


< 1.59 (-0.57 ±0.53) 


Priddev et al. 2006b 




U. 1 / 


t>r,t) 1 


U.5U0 


Qc n 
6D.0 


< IjD.UU (oZ.UU ± JZ.UU) 


Kesmi et al. zU05 






(JVKU 


U.003 


no n 


jU.yy) ± l.oU 


Sneth et al. zUUj 






UVKU 


0. /4d 


no n 


/cn An 1 1 /in 


Sneth et al. zUU3 






UVKU 


U.ojO 


no n 


£L 1 'vn 1 1 nn 
Ol. /O ± L.yK) 


Sneth et al. zU03 






UVKU 


u.y/D 


no n 
96.0 


C7 /cn 1 1 /cn 


Sneth et al. zU03 






abo 1 


i.DUO 


Qc n 


^ T3 /I nn / o nn i no nn\ 
< ZJ4.U0 (-Z.UO ± /O.OUJ 


Kesmi et al. zUUj 






PdBI 


1.582 


86.2 


CO /ir\ 1 n cn 

58.60 ± 0.50 


Kesmi et al. zU05 






UVKU 


i. /Id 


no n 
96.0 


cn cn 1 1 cn 
59. DO ± l.oO 


Sheth et al. zU03 






UVKU 


1. /99 


no n 
96.0 


c^ Tn 1 1 nn 
0/.30 ± LIU 


Sheth et al. zU03 






OVRO 


1.871 


98.0 


59 30 + 2 00 


Sheth et al. 2003 






PdBI 


2.401 


98.5 


58.20 ± 0.60 


Resmi et al. 2005 






SEST 


2.500 


86.0 


< 195.00 (38.00 ± 65.00) 


Resmi et al. 2005 






OVRO 


2.862 


98.0 


70.00 ± 6.00 


llheth et al. 2003' 






PdBI 


3.396 


86.7 


5 1.70 ±0.90 


Resmi et al. 2005 






OVRO 


3.635 


98.0 


55.40 ± 1.80 


^heth et al. 2003* 






OVRO 


3.760 


98.0 


66.50 + 2.10 


Sheth et al. 2003 






OVRO 


3.891 


98.0 


54.60 ± 2.40 


Sheth et al. 2003 
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GRB Redshift Observatory 


t — tn 


Band 


Flux density 


Reference 




( davs) 


(GHz) 


(mJv) 




OVRO 


4.779 


98.0 


48.40 ± 1.30 


Sheth et al. 2003 


NR045m 


5.090 


90.0 


65.00 ± 9.00 


Kuno et al. 2004 


NR045m 


5.140 


90.0 


67.00 ± 9.00 


Icuno et al. 2004 


OVRO 


5.800 


98.0 


53.90 ± 0.90 


Sheth et al. 2003 


BIMA 


6.833 


98.0 


59.00 ± 2.00 


Sheth et al. 2003 


PdBI 


7.244 


115.0 


40.40 ± 3.70 


Resmi et al. 2005 


BIMA 


7.857 


98.0 


47 00 + 2 00 


^heth et al. 200~ 


NR045m 


8.030 


90.0 


36.00 ± 10.00 


Kuno et al. 2004 


BIMA 


9.645 


98.0 


41.00 + 5.00 


Sheth et al. 2003 


BIMA 


10.709 


98.0 


33.00 ± 3.00 


Sheth et al. 2003 


BIMA 


11.652 


98.0 


21.00 ± 4.00 


Sheth et al. 2003 


OVRO 


11.747 


98.0 


25.80 ± 3.10 


Sheth et al. 2003 


NR045m 


12.070 


90.0 


< 20.10 (0.00 ± 6.70) 


^uno et al. 2004 


NMA 


12.150 


93.0 


18.70 ± 2.10 


Kohno et al. 2005 


PdBI 


12.285 


86.2 


23.50 ± 0.40 


Resmi et al. 2005 


BIMA 


12.680 


98.0 


22.00 ± 4.00 


"heth et al. 2003* 


OVRO 


12.752 


98.0 


19.70 ± 4.00 


Sheth et al. 2003 


BIMA 


13.606 


98.0 


25.00 ± 4.00 


Sheth et al. 2003 


NMA 


15.050 


93.0 


17.80 ± 1.90 


Kohno et al. 2005 


BIMA 


15.695 


98.0 


14.00 ± 4.00 


Sheth et al. 2003 


PdBI 


16.400 


91.3 


14.90 ± 0.40 


Resmi et al. 2005 


BIMA 


16.887 


98.0 


15.00 ± 4.00 


Jheth et al. 2003* 


NMA 


17.110 


93.0 


16.10 ± 3.10 


iCohno et al. 2005 


BIMA 


17.727 


98.0 


11.00 ± 3.00 


~heth et al. 2003" 


NMA 


18.070 


93.0 


9.10 ± 1.90 


Kohno et al. 2005 


NR045m 


19.040 


90.0 


< 27 90 fO 00 + 9 30) 


Kuno et al. 2004 


PdBI 


20.366 


115.0 


I.IQ ± 1.00 


Resmi et al. 2005 


NMA 


21.100 


93.0 


< 12.60 (8.80 ± 4.20) 


Kohno et al. 2005 


NMA 


23.060 


93.0 


8.90 ± 1.30 


Kohno et al. 2005 


PdBI 


26.289 


96.2 


4.70 ± 0.70 


Resmi et al. 2005 


BIMA 


31.773 


98.0 


< 3.00 (0.00 ± 1.00) 


~ heth et al. 2003* 


NMA 


32.020 


93.0 


< 8.40 (0.00 ± 2.80) 


Kohno et al. 2005 


PdBI 


35.262 


86.2 


2.90 ± 0.30 


^esmi et al. 2005 


PdBI 


48.126 


86.2 


< 2.40 (1.10 ±0.80) 


Resmi et al. 2005 


NMA 


52.990 


93.0 


< 3.90 (0.00 ± 1.30) 


Kohno et al. 2005 


PdBI 


60.450 


84.4 


< 2.10 (0.40 ± 0.70) 


Resmi et al. 2005 


NMA 


60.980 


93.0 


< 6.00 (0.00 ± 2.00) 


Kohno et al. 2005 


NMA 


61.970 


93.0 


< 5.10 (0.00 ± 1.70) 


Kohno et al. 2005 


PdBI 


83.151 


95.4 


< 3.90 (0.60 ± 1.30) 


^esmi et al. 200f 


NMA 


8.230 


141.0 


41.00 + 3.20 


Kohno et al. 2005 


NMA 


9.070 


141.0 


42.50 ± 2.40 


Kohno et al. 2005 


SEST 


0.500 


215.0 


< 924.00 (201.00 ± 308.00) 


Resmi et al. 2005 


IRAM30m 


1.447 


250.0 


49.20 ±1.10 


Sheth et al. 2003 


SEST 


1.500 


215.0 


< 786.00 (-49.00 ± 262.00) 


Resmi et al. 2005 


PdBI 


1.582 


232.0 


46.80 ± 3.10 


Resmi et al. 2005 


PdBI 


2.401 


238.0 


40.60 ± 2.10 


Resmi et al. 2005 


SEST 


2.500 


215.0 


< 750.00 (-144.00 ± 250.00) 


Resmi et al. 2005 


PdBI 


3.396 


241.0 


23 80 + 3 20 


Resmi et al. 2005 


IRAM30m 


3.804 


250.0 


45.70 ± 3.20 


^heth et al. 2003* 


IRAM30m 


4.479 


250.0 


36 20 + 2 30 


Sheth et al. 2003° 


IRAMBOm 


5.536 


250.0 


41.60 ± 1.60 


"heth et al. 2003 


IRAMSOm 


6.376 


250.0 


46.40 ± 1.60 


Sheth et al. 2003 


IRAMSOm 


7.428 


250.0 


32.00 ± 1.80 


Sheth et al. 2003 


IRAM30m 


8.486 


250.0 


25.50 ± 1.80 


Sheth et al. 2003 


PdBI 


12.285 


232.0 


12.80 ± 1.30 


Resmi et al. 2005 


IRAM30m 


16.328 


250.0 


9.30 ±2.30 


Jheth et al. 20of 


PdBI 


16.400 


217.0 


9.20 ± 2.20 


Resmi et al. 2005 


PdBI 


20.366 


232.0 


6.50 ± 1.80 


Resmi et al. 2005 


IRAMBOm 


22.318 


250.0 


5.20 ± 1.10 


Sheth et al. 2003 


PdBI 


26.289 


241.0 


< 11.40 (0.00 ±3.80) 


Resmi et al. 2005 


PdBI 


35.262 


233.0 


< 3.90 (1.40 ± 1.30) 


Resmi et al. 2005 


PdBI 


48.126 


231.0 


< 30.30 (0.00 ± 10.10) 


Rfismi et al. 2005 


PdBI 


60.450 


238.0 


< 24.00 (0.00 ± 8.00) 


Resmi et al. 2005 


JCMT 


4.914 


350.0 


37.80 ±4.50 


Smith et al. 2005b 


JCMT 


5.901 


350.0 


27.60 ± 2.90 


Smith et al. 2005b 


ICMT 


6.801 


350.0 


33.90 ± 2.80 


Smith et al. 2005b 
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GRB 


Redshift 


Observatory 


t-to 


Band 


Flux density 


Reference 








(days) 


(GHz) 


(mJy) 








JCMT 


10.760 


350.0 


< 15.30 (10.90 ± 5.10) 


Smith et al. 2005b 






JCMT 


16.754 


350.0 


< 5.70 (-0.20 ± 1.90) 


_Smith et al. 2005b 






JCMT 


17.870 


350.0 


< 8.10 (-1.90 ±2.70) 


Smith et al. 2005b 


031026 




IRAM30m 


7.000 


250.0 


< 12.00 (0.00 + 4.00) 


Bertoldi et al. 2003a 


031203 


0.10 


APEX 


Late 


345.0 


< 6.60 (4.00 ± 2.20) 


Watson et al. 2011 


041006 


0.72 


JCMT 


0.098 


350.0 


< 15.00 (2.00 + 5.00) 


Srmth et al. 2005a 






JCMT 


0.969 


350.0 


< 3.90 (0.90 ± 1.30) 


Smith et al. 2005a 


041219A 


0.31 


PdBI 


2.551 


86.2 


< 0.81 (0.77 ± 0.27) 


Castro-Tirado et al. 2012 






PdBI 


4.320 


99.2 


1.18 ±0.38 


Castro-Tirado et al. 2012 






PdBI 


10.492 


86.3 


< 1.41 (0.59 ±0.47) 


Castro-Tirado et al. 2012 






PdBI 


11.755 


86.3 


< 0.90 (0.02 ± 0.30) 


Castro-Tirado et al. 2012 






PdBI 


2.551 


232.0 


< 2.64 (0.93 ± 0.88) 


Castro-Tirado et al. 2012 






PdBI 


4.320 


240.0 


< 3.15 (0.03 ± 1.05) 


Castro-Tirado et al. 2012 


050306 


— 


IRAM30m 


2.206 


250.0 


< 1.65 (0.26 ± 0.55) 


Bertoldi et al. 2005 


050408 


1.24 


PdBI 


3.230 


86.8 


< 0.90 (0.00 ± 0.30) 


de Usarte Postieo et al. 2007 






PdBI 


5.190 


115.0 


< 2.40 (0.50 ± 0.80) 


de Ugarte Postigo et al. 2007 






PdBI 


10.340 


86.3 


< 0.90 (0.90 ± 0.30) 


de Usarte Postigo et al. 2007 






PdBI 


11.190 


109.0 


< 5.10 (-1.70 ± 1.70) 


de Ugarte Postigo et al. 2007 






PdBI 


12.400 


109.0 


< 2.10 (-0.90 ±0.70) 


de Ugarte Postigo et al. 2007 






PdBI 


14.290 


112.0 


< 1.20 (-0.80 ±0.40) 


de Ugarte Postigo et al. 2007 






r^ClrSi 




090 n 
ZZy.U 


< 4.J5U (l.UU ± l.oU) 


de Ugarte Postigo et al. 2007 






PdBI 


5.190 


232.0 


< 5.40 (3.30 ± 1.80) 


de Ugarte Postigo et al. 2007 






PdBI 


10.340 


232.0 


8.40 ± 2.30" 


de Ugarte Postigo et al. 2007 






PdBI 


11.190 


229.0 


< 19.50 (-9.90 ±6.50) 


de Ugarte Postigo et al. 2007 






PdBI 


12.400 


229.0 


< 8.10 (3.60 ±2.70) 


de Ugarte Postigo et al. 2007 






PdBI 


14.290 


225.0 


< 6.30 (1.40 ±2.10) 


de Ugarte Postigo et al. 2007 


050416A 


0.65 


PdBI 


13.208 


86.2 


< 0.66 (0.20 ± 0.22) 


Castro-Tirado et al. 2012 


050509B 


0.22 


PdBI 


1.970 


80.3 


< 5.70 (0.00 ± 1.90) 


Castro-Tirado et al. 2005 








Z. / oU 


oU. J 


^ 1 AO (V\ on -1- n 80^ 

<- Z.H-U ^^U.UU It U.oUj 


l^aSLrU- 1 lldUO et al. ZuUO 






PdBI 


3.899 


80.5 


< 3.00 (0.00 ± 1.00) 


Castro-Tirado et al. 2005 






PdBI 


7.667 


92.7 


< 0.90 (0.00 ± 0.30) 


Castro-Tirado et al. 2005 






PdBI 


1.970 


243.0 


< 36.00 (0.00 ±12.00) 


Castro-Tirado et al. 2005 






PdBI 


2.780 


243.0 


< 17.70 (0.00 ± 5.90) 


Castro-Tirado et al. 2005^ 






PdBI 


3.899 


222.0 


< 13.20 (0.00 ± 4.40) 


Castro-Tirado et al. 2005 


050525 




PdBI 


1.131 


92.7 


< 1.02 (0.54 ± 0.34) 


Castro-Tirado et al. 2012 






PdBI 


1.131 


214.0 


< 3.66 (1.29 ± 1.22) 


Castro-Tirado et al. 2012 


050603 


2.82 


JCMT 


0.510 


350.0 


< 6.00 (2.40 ± 2.00) 


Barnard et al. 2005 






JCMT 


0.510 


670.0 


< 285.00 (-42.00 ± 95.00) 


Barnard et al. 2005 


UJU / JU 




PHRT 




lUj.U 




raiiQcv ei ai. zuvjD 






PdBI 


5.875 


105.0 


< 1.53 (1.34 ± 0.51) 


Pandev et al. 2006 






PdBI 


Late 


86.8 


< 0.81 (-0.24 ±0.27) 


Pandev et al. 2006 






PdBI 


2.905 


213.0 


< 12.63 (4.39 ±4.21) 


P^andey et al. 2006 






PdBI 


5.875 


215.0 


< 11.43 (-5.13 ±3.81) 


'Pandey et al. 2006 






PdBI 


Late 


231.0 


< 5.79 (-4.21 ± 1.93) 


Pandev et al. 2006 


050904 


6.29 


PdBI 


5.896 


89.3 


1.45 ± 0.47 


Castro-Tirado et al. 2012 






PdBI 


5.896 


238.0 


< 13.11 (3.90 ±4.37) 


Castro-Tirado et al. 2012 






IRAM30m 


Late 


250.0 


, 1 oc / r\ ■7/' f\ A c\ 

< 1.35 (-0.76 ± 0.45) 


Walter et al. 2006 


051022 


0.81 


PdBI 


1.373 


90.8 


1.14 ±0.28 


Castro-Tirado et al. 2007 






PdBI 


2.391 


86.2 


< 0.51 (0.08 ±0.17) 


Castro-Tirado et al. 2007 






PdBI 


6.415 


86.2 


< 1.32 (-0.33 ±0.44) 


Castro-Tirado et al. 2007 






PdBI 


8.157 


90.2 


3.48 ± 1.05 


Castro-Tirado et al. 2007 






PdBI 


10.235 


86.2 


< 0.78 (-0.50 ± 0.26) 


Castro-Tirado et al. 2007 






PdBI 


1.373 


218.0 


< 5.04 (0.02 ±1.68) 


Castro-Tirado et al. 2007 






PdBI 


2.391 


232.0 


< 2.55 (-2.42 ± 0.85) 


Castro-Tirado et al. 2007 






PdBI 


6.415 


232.0 


< 10.20(1.81 ±3.40) 


Castro-Tirado et al. 2007 






PdBI 


10.235 


222.0 


< 4.05 (0.55 ±1.35) 


Castro-Tirado et al. 2007 
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GRB 


Redshift 


Observatory 


t - to 


Band 


Flux density 


Reference 








(days) 


(GHz) 


(mJy) 




051105A 




PdBI 


0.546 


114.7 


< 6.90 (0.00 ± 2.30) 


Castro-Tirado et al. 2012 






PdBI 


1.129 


114.7 


< 9.00 (0.00 ± 3.00) 


Castro-Tirado et al. 2012 






PdBI 


0.546 


230.5 


< 1.89 (0.00 ±0.63) 


Castro-Tirado et al. 2012 






PdBI 


0.546 


230.5 


< 3.30 (0.00 ± 1.10) 


Castro-Tirado et al. 2012 


OA0 1 1 A 
UOUi 10 




PHRT 


J. JUZ 


QQ 9 


< yj.yj \ yj. 11 ± yj.j I) 


v^dSLru- 1 irauo cl ai. zuiz 






PdBI 


6.569 


94.7 


< 0.78 (-0.14 ± 0.26) 


Castro-Tirado et al. 2012 






PdBI 


3.502 


231.0 


< 3.90 (0.48 ± 1.30) 


Castro-Tirado et al. 2012 






PdBI 


6.569 


227.0 


< 2.52 (-0.28 ± 0.84) 


Castro-Tirado et al. 2012 


060218 


0.03 


PdBI 


2.668 


115.2 


<2.01 (0.15 ±0.67) 


Castro-Tirado et al. 2012 






PdBI 


4.671 


110.5 


< 2.25 (-0.64 ± 0.75) 


Castro-Tirado et al. 2012 






PdBI 


6.633 


94.2 


< 2.94 (0.76 ± 0.98) 


Castro-Tirado et al. 2012 






PdBI 


2.668 


230.0 


< 2.28 (0.46 ± 0.76) 


Castro-Tirado et al. 2012 






PdBI 


4.671 


220.0 


< 6.00 (-1.90 ±2.00) 


Castro-Tirado et al. 2012 


060515 


— 


PdBI 


4.407 


86.0 


< 0.72 (0.35 ± 0.24) 


Castro-Tirado et al. 2012 






PdBI 


4.407 


226.0 


< 3.87 (1.21 ± 1.29) 


Castro-Tirado et al. 2012 


060801 


1.13 


PdBI 


0.243 


93.2 


< 1.29 (-0.16 ±0.43) 


Castro-Tirado et al. 2012 


060805B 




PdBI 


5.314 


100.2 


< 1.17 (0.89 ± 0.39) 


Castro-Tirado et al. 2012 






PdBI 


5.314 


211.4 


< 4.80 (-1.15 ± 1.60) 


Castro-Tirado et al. 2012 




u. /u 


PHRT 






1 ns -t- n 97 

1 .UO It u.z / 


\^aSLro- 1 irauo et ai. zvjiz 






PdBI 


6.034 


90.0 


< 1.59 (0.14 ±0.53) 


Castro-Tirado et al. 2012 






PdBI 


8.021 


90.0 


< 1.89 (0.67 ±0.63) 


£astro-Tirado et al. 2012 






PdBI 


3.438 


211.1 


< 8.16 (0.60 ±2.72) 


Castro-Tirado et al. 2012 






PdBI 


6.034 


211.1 


< 14.10 (4.39 ±4.70) 


Castro-Tirado et al. 2012 






PdBI 


8.021 


211.1 


< 19.02 (8.09 ± 6.34) 


Castro-Tirado et al. 2012 


060908 


1.88 


PdBI 


0.708 


92.0 


- n nn /n nn . n on\ 

< 0.90 (0.00 ± 0.30) 


/~i " a. 1 'in 1 n 

Covmo et al. 2010 






PdBI 


0.708 


236.0 


< 9.90 (0.00 ± 3.30) 


Covino et al. 2010 


mn IOC 


1.55 


rurll 


2.590 


lUO.O 


111 1 n 1 Q 
Z.Zl ± 0. 13 


Castro-Tirado et al. 2012 






rurii 


5. /40 


iUO.O 


1 nc 1 n 1 
1.95 ± U.io 


Castro-Tirado et al. 2012 






rurii 


0.050 


1 nn n 
iUO.O 


1 on 1 n on 
l.oU ± U.2U 


Castro-Tirado et al. 2012 






rurii 


8.0/0 


1 nn n 
IUO.O 


1 /^/^ 1 n 1 n 
1.66 ± 0.19 


Castro-Tirado et al. 2012 






TARMA 


10.980 


95.0 


7 30 + 70 


Chandra pt al 7008 






PdBI 


14.790 


100.0 


1.23 ±0.20 


Castro-Tirado et al. 2012 






CARMA 


14.960 


95.0 


1.34 ±0.16 


Chandra et al. 20()8 






PdBI 


16.790 


100.0 


1.15 ±0.20 


Castro-Tirado et al. 2012 






CARMA 


17.900 


95.0 


2.10 ±0.70 


Chandra et al. 200^ 






PdBI 


21.790 


100.0 


1.05 ±0.20 


^Castro-Tirado et al. 2012 






CARMA 


23.960 


95.0 


2.40 ± 0.70 


Chandra et al. 2008 






PdBI 


37.730 


100.0 


< 0.63 (0.41 ± 0.21) 


Castro-Tirado et al. 2012 






IRAM30m 


6.520 


250.0 


3.14 ±0.59 


Chandra et al. 2008 






IRAM30m 


7.610 


250.0 


< 2.16(1.91 ±0.72) 


Chandra et al. 2008 






IRAM30m 


10.610 


250.0 


< 2.13 (1.47 ±0.71) 


Chandra et al. 200^ 






IRAM30m 


16.480 


250.0 


< 2.79 (2.67 ± 0.93) 


Chandra et al. 2008 






IRAMjOm 


18.480 


250.0 


< 2./9 (1.2/ ± 0.93) 


Chandra et al. 2008 


070219 


— 


PdBI 


3.770 


80.7 


<0.54 (0.16 ±0.18) 


Castro-Tirado et al. 2012 


070223 


— 


PdBI 


12.000 


90.0 


< 0.54 (0.00 ±0.18) 


Castro-Tirado et al. 2012 


070306 


1.50 


PdBI 


2.177 


86.1 


1.35 ±0.31 


Castro-Tirado et al. 2012 


070531 




PdBI 


6.350 


92.2 


< 1.44 (0.91 ± 0.48) 


Castro-Tirado et al. 2012 


071003 


1.60 


PdBI 


1.451 


86.2 


1.30 ±0.20 


Castro-Tirado et al. 2012 






PdBI 


3.617 


86.2 


< 0.39 (0.27 ±0.13) 


Castro-Tirado et al. 2012 


071010B 


0.95 


PdBI 


10.178 


100.8 


<0.54 (0.17 ±0.18) 


Castro-Tirado et al. 2012 


071021 




PdBI 


2.375 


86.0 


< 0.45 (0.00 ±0.15) 


Castro-Tirado et al. 2012 






PdBI 


4.375 


86.0 


< 0.45 (0.00 ±0.15) 


Castro-Tirado et al. 2012 






PdBI 


11.375 


104.8 


< 0.51 (0.00 ±0.17) 


Castro-Tirado et al. 2012 
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Keasniii 


Observatory 


t - to 
(days) 


£>ana 
(GHz) 


Flux density 
(mJy) 


Reference 


080109 


0.0065 


PdBI 
PdBI 


14.290 
Late 


90.9 
103.0 


0.65 ±0.15 
< 0.30 (0.03 ±0.10) 


Gorosabel et al. 2010 
Gorosabel et al. 2010 






IRAM30m 
IRAM30m 


16.367 

iO.OJO 

20.607 


250.0 
250.0 


2.46 ± 0.54 

< j.OU (z.zy ± l.zU) 

< 1.80 (1.44 ±0.60) 


gorosabel et al. 2()10 
oprosaDei et at. zuiu 
Gorosabel et al. 2010 


080129 


4.35 


lRAM30m 
IRAM30m 
iKAMjUm 
IRAM30m 
lRAM30m 


I. 645 
2.725 
4. /05 

8.735 

II. 800 


250.0 
250.0 

ZjU.U 

250.0 
250.0 


2.98 ± 0.63 

< 1.41 (1.27 ±0.47) 

< l.jU (l.lo ± U.jO) 

< 1.65 (-0.40 ±0.55) 

< 3.42 (0.55 ± 1.14) 


Greiner et al. 20()9 
Greiner et al. 20(» 
Oreiner et al. /UU9 
Greiner et al. 2009 
Greiner et al. 2009 


080205 




PdBI 


2.010 


91.7 


< 0.57 (0.00 ±0.19) 


Castro-Tirado et al. 2012 


080207 


-1.74 


JCMT 


Late 


353.0 


< 13.12 (2.53 ±4.37) 


Svensson et al. 2011 






JCMT 


Late 


667.0 


< 53.22 (23.04 ± 17.74) 


^vensson et al. 201 1 


0803 19B 


0.94 


PdBI 

CARMA 
PdBI 
PdBI 


0.991 
1.110 

3.991 
7.991 


97.0 
95.0 
97.0 
97.0 


0.41 ±0.12 

< 0.75 (0.12 ±0.25) 

< 0.57 (0.35 ±0.19) 

< 0.27 (0.20 ± 0.09) 


Racusin et al. 2008 
Cenko et al. 2010 
Fandev et al. 2009 
Pandev et al. 2009 


080426 




PdBI 


3.561 


86.2 


< 0.78 (-0.20 ± 0.26) 


Castro-Tirado et al. 2012 


080430 


0.77 


PdBI 
PdBI 
PdBI 


0.739 
2.248 
8.816 


89.9 
96.6 
85.4 


< 0.54 (0.00 ±0.18) 

< 0.27 (0.00 ± 0.09) 

< 0.24 (0.00 ± 0.08) 


de Usarte Postiao et al. 201 If 
Castro-Tirado et al. 2012 
Castro-Tirado et al. 2012 


UoUJ 1'4I3 








oD.U 


^ fi ^7 (Ti nn -I- n 1 ci 

< U.J / ^U.UU ± yj. iy) 


Kossi ei ai. zuuo 


UoUoUoii 


l.m 


rdBl 




1 nn o 
lUU.S 


< 0.48 (U.UO ± U. Id) 


Castro- lirauo et al. /Ulz 


nomo 1 
UoU /zl 


Z.OU 


rdBl 


3.315 


00. z 


^ n /in /n nn i n on\ 
< O.OU (U.UO ± U./U) 


Castro- liraao et al. zUlz 


080913 


6.70 


PdBI 
PdBI 
PdBI 


2.817 
7.917 
16.817 


99.0 
84.0 
106.0 


< 0.72 (0.00 ± 0.24) 

< 1.44 (0.00 ±0.48) 

< 0.90 (0.00 ± 0.30) 


Perez-Ramirez et al. 201() 
Perez-Ramirez et al. 2010 
Perez-Rami'rez et al. 2010 






IRAM30m 


30.000 


250.0 


< 1.35 (0.34 ±0.45) 


Riechers et al. 2009a 


081024 




PdBI 


0.387 


86.2 


< 0.57 (0.04 ±0.19) 


Castro-Tirado et al. 2012 




J.JO 


CAKMA 
PdBI 
PdBI 
PdBI 


1 n 1 n 

4.570 
13.590 
19.540 


105.0 
87.0 
110.0 


4.UU ± U.oU 

1.68 ±0.15 
0.67 ±0.13 
<0.90 (-0.21 ±0.30) 


rSocK et al. zuuva 
Melandri et al. 201^ 
Melandri et al. 201^ 
Melandri et al. 2010 






PdBI 


5.630 


228.0 


< 1.53 (U.60 ± 0.51) 


Melandri et al. zOlO 






APEX 
APEX 


4.120 
11.120 


345.0 
345.0 


< 14.10 (0.00 ±4.70) 

< 14.10 (0.00 ±4.70) 


Melandri et al. 2010 
Melandri et al. 2010 


090323 


3.57 


PdBI 


3.831 


87.2 


< 0.48 (0.00 ±0.16) 


Castro-Tirado et al. 2012 


090404 




PdBI 
PdBI 


1.236 
3.408 


108.0 
87.0 


1.10 ±0.35 
0.62 ±0.11 


Castro-Tirado et al. 2009a 
Castro-Tirado et al. 2012 


090407 




PdBI 


2.042 


86.2 


< 0.60 (0.00 ± 0.20) 


Castro-Tirado et al. 2012 


0904 17B 


0.34 


PdBI 


Late 


86.2 


< 0.51 (-0.03 ±0.17) 


Castro-Tirado et al. 2012 


090423 


8.20 


PdBI 
PdBI 
PdBI 
CARMA 
CARMA 


0.384 
1.291 
8.291 
1.870 
8.291 


97.2 
97.1 
97.0 
92.5 
97.0 


0.24 ± 0.08 
0.24 ± 0.07 

< 0.24 (0.00 ± 0.08) 

< 0.54 (0.45 ±0.18) 

< 0.70 (0.00 ± 0.23) 


Castro-Tirado et al. 2009b 
Castro-Tirado et al. 2009b 
Castro-Tirado et al. 2009b 
Chandra et al. zUiU 
Bock et al. 2009b 






IRAM30m 


2.441 


250.0 


< 0.96 (0.23 ± 0.32) 


Riechers et al. 2009b 


090709A 




CARMA 
PdBI 


5.980 
6.781 


88.5 
86.2 


< 1.08 (0.00 ±0.36) 

< 0.39 (0.00 ±0.13) 


Morgan & Bower 2009 
Castro-Tirado et al. 2012 


090726 


2.71 


PdBI 


1.125 


91.4 


< 0.45 (0.00 ±0.15) 


Castro-Tirado et al. 2012 


091010 




PdBI 


5.708 


91.0 


< 0.69 (0.00 ± 0.23) 


Castro-Tirado et al. 2012 
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LtKd 


Keasnilt 


Observatory 


t - to 


Band 


Flux density 


Reference 








(days) 


(GHz) 


(mJy) 




091102 


— 


APEX 


0.583 


345.0 


< 18.90 (0.00 + 6.30) 


de Uaarte Postiao et al. 2009a 


091127 


0.49 


APEX 


0.207 


345.0 


< 14.90 (0.00 + 4.97) 


de Ugarte Postiao et al. 2009b 






APEX 


1.150 


345.0 


< 13.20 (0.00 ± 4.40) 


de Usarte Postiso et al. 2009b 


091208B 


1.06 


IRAM30m 


1.666 


250.0 


- f\ f\f\ / f\ f\f\ o f\r\\ 

< 9.00 (0.00 ± 3.00) 


Castro-Tirado et al. 2012 


100205 A 




PdBI 


3.750 


82.9 


< 0.75 (0.06 ± 0.25) 


Castro-Tirado et al. 2012 


1003 16A 


— 


PdBI 


0.791 


86.2 


< 0.21 (0.19 ±0.07) 


Castro-Tirado et al. 2012 


1U041BA 


0.62 


ParJl 


1.260 




6.5 / ± 0.0/ 


de Ugarte Postigo et al. 2012 






PdBI 


5.211 


86.7 


3 70 + 07 


Hp TToartp Pnstiffo pt al 9017 






PdBI 


7.393 


86.7 


2.26 ±0.13 


de Ugarte Postigo et al. 2012 






PdBI 


12.328 


106.0 


1.13 ±0.12 


de Ugarte Postigo et al. 2012 






PdBI 


16.108 


86.7 


1.14 ±0.05 


de Ugarte Postigo et al. 2012 






PdBI 


23.177 


86.7 


1.18 ±0.09 


de Ugarte Postigo et al. 2012 






PdBI 


39.144 


103.0 


0.61 ±0.13 


^e Ugarte Postigo et al. 2012 






PdBI 


59.958 


86.7 


0.58 ±0.18 


de Ugarte Postigo et al. 2012. 






PdBI 


69.237 


99.5 


< 0.57 (0.36 ± 0.19) 


J TT J, n ^ '\ '~\r\'\ ^ 

de Ugarte Postigo et al. 2012 






SMA 


0.811 


345.0 


13.40 ± 1.60 


Martin et al. 2010 








1 '7/1 


j4j.U 


c 1 n -I- n on 


de Ugarte Postigo et al. 2012 






SMA 


2.789 


345.0 


5.40 ± 1.10 


^e Ugarte Postigo et al. 2012 






SMA 


3.774 


345.0 


4.20 ± 1.00 


de Ugarte Postigo et al. 201^ 






SMA 


4.775 


345.0 


< 4.20 (3.40 ± 1.40) 


de Ugarte Postigo et al. 2012 


100621 A 


0.54 


APEX 


1.500 


345.0 


30.00 ± 6.00 


Greiner et al. 201 1 






APEX 


2.500 


345.0 


13.00 ±4.10 


Greiner et al. 201 1 






APEX 


4.500 


345.0 


< 12.00 (3.20 ± 4.00) 


Greiner et al. 201 1 


100814A 


1.44 


APEX 


1.138 


345.0 


<4.80 (-0.30 ± 1.60) 


de Ugarte Postigo et al. 2010a 


100901 A 


1.41 


SMA 


1.875 


345.0 


< 2.25 (0.00 ± 0.75) 


de Ugarte Postigo et al. 2010e 


110106A 


— 


CARMA 


0.069 


92.0 


< 2.46 (0.00 ± 0.82) 


Zauderer et al. 201 lb 


110205A 


2.22 


CARMA 


0.135 


93.0 


< 0.60 (0.00 ± 0.20) 


Zauderer et al. 201 la 






SMA 


0.179 


230.0 


< 1.65 (0.00 ±0.55) 


Petitoas et al. 2011 


11 0422 A 


1.77 


SMA 


13.596 


234.0 


< 8.40 (0.00 ± 2.80) 


Huang et al. 201 lb 


110503 A 


1.61 


SMA 


0.454 


225.0 


< 5.10 (0.00 ± 1.70) 


de Ugarte Postigo et al. 201 If 


110709B 




APEX 


2.062 


345.0 


< 6.90 (1.40 ±2.30) 


de Ugarte Postigo et al. 201 Id 


110715A 


0.82 


APEX 


1.482 


345.0 


10.40 ± 2.40 


de Ugarte Postigo et al. 201 le 






ALMA 


3.570 


345.0 


4.90 ± 0.60 


110719A 




SMA 


0.408 


345.0 


< 2.10 (0.00 ±0.70) 


Zauderer et al. 201 Ic 


110918A 


0.98 


APEX 


2.290 


345.0 


< 15.00 (0.00 ± 5.00) 


de Ugarte Postigo et al. 201 Ic 



The detection of GRB 990123 at 353 GHz is probably due to a statistical fluctuation (Galama et al .lll999l) . 

<*' The detections of GRB 010222 at 250 and 350 GHz are due to the host galaxy (Frail et al. 2002). 

<'■' The detection of GRB 050408 at 232 GHz is probably due to a statistical fluctuation dde Ugarte Postigo et alj2007l) . 



